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The very strong 1560-cm™ band of the N-substituted amide group has been assigned previously either to 
v(C—N) or tod(N—H). This investigation consisted of a study of the frequency shifts of this and other bands 
in the infrared spectra of several N-butyl- and N,N-dibutyl-ethanamides upon substitution of chlorine and 
fluorine in the 2 position. On the basis of these shifts and other properties of the band in question, observed in 
the spectra both of the pure compounds and of their CCl, solutions, it is concluded that the v(C—N) as- 
signment is correct. The apparent absence of the corresponding band from the spectrum of the N,N-disubsti- 
tuted amide group is explained by the accidental degeneracy of v(C=O) and »(C—N). Other bands were 


cataloged and assigned where possible. 





INTRODUCTION 


HE problems of particular interest in the present 
research were the assignment of the very strong 
1560-cm— band which occurs in the spectra of the N- 
monosubstituted amides and the explanation of the 
absence of this band from the spectra of the N,N- 
disubstituted amides. Perhaps the most thorough in- 
terpretations are those of Richards and Thompson! and 
lenormant.? The former have assigned the band in 
question to 6(N—H), while the latter states that it is 
(C—N). These opinions will be examined in detail in 
the light of the evidence brought out in the present 
investigation. . 

Previous investigations of this problem have usually 
centered about differences between the spectra of similar 
compounds with various groups substituted upon the 
amido-nitrogen. The present communication is a report 
of a study of the infrared spectra of several 2-halogeno- 
tthanamides, both N-butyl- and N,N-dibutyl-substi- 
tuted. These series of compounds were selected because 
they made possible the observation of the effect of a 
gradual change in the electronegativity of a substituent 


*Presented in part at the 318th Meeting of the American 
Physical Society, Durham, North Carolina, March 26-28, 1953. 

} Abstracted from a dissertation presented by H.L. in partial 
fulfilment of the requirements for the Ph.D. degree. 

tU. S. Atomic Energy Commission Predoctoral Fellow, 1950- 
1952. Now at the University of Illinois, Urbana, Illinois. 

'R. E. Richards and H. W. Thompson, J. Chem. Soc. (London) 
1947, 1248. 

?H. Lenormant, Ann. chim. 5, 459 (1950). 


in a previously neglected position on the molecule upon 
the characteristic infrared bands of the amide group. 


EXPERIMENTAL 


The infrared spectrograms were obtained by use of 
Perkin-Elmer Model 21 and Model 12-C spectrometers. 
The latter instrument was made available to us by the 
Glidden Corporation’s Naval Stores Research Labora- 
tories in Jacksonville, Florida. Sodium chloride optics 
were used throughout this research. 


TABLE I. y(N—H) of some N-butyl-ethanamides. 








Frequency Frequency 
(cm7) increase 
Compound Pure Dilute (cm!) 


N-butyl-ethanamide 3279 (s) 3436(m) 157 
3086 (m) 350 


N-butyl-2-chloro-ethanamide 3257 (s) 3413(m) 156 
3067 (m) 346 


N-butyl-2,2-dichloro-ethanamide 3257 (s) 3425(m) 168 
3067 (m) 358 


N-butyl]-2-chloro-2-fluoro- 3268 (s) 3425(m) 157 
ethanamide 3067 (m) 358 


N-butyl]-2,2-difluoro-ethanamide 3425(m) 3425 (m) 0 
3268 (s) 157 
3086 (m) 339 


N-butyl-2,2,2-trifluoro-ethanamide 3289 (s) 3425(m) 136 
3086 (m) 339 
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Fic. 1. Schematic structural formulas of (a) the N-butyl-ethanamides and (b) the N,N-dibutyl-ethanamides. 


The compounds studied, prepared by Dr. P. Tarrant 
and co-workers of this laboratory, were N-butyl- 
ethanamide, N-butyl-2-chloro-ethanamide, N-butyl-2,2- 
dichloro-ethanamide, N-butyl-2-chloro-2-fluoro-ethan- 
amide, N-butyl-2,2-difluoro-ethanamide, N-butyl-2,2,2- 
trifluorv-ethanamide, and the corresponding N,N- 
dibutyl-ethanamides. The structural formulas of these 
compounds are illustrated in Fig. 1. 

Each compound except N-butyl-2,2-dichloro-ethan- 
amide was investigated in the pure liquid state at 25°C. 
The exceptional compound, being a solid at this tem- 
perature, was run as a highly concentrated mull in CCl,. 
A demountable cell was used for this work. Several 
dilutions of each compound were prepared in CCl, and 
run with solvent compensation. The lowest concentra- 
tion investigated, usually about 0.006M, was such that 
further shifts in dilution-sensitive band frequencies were 
not observed in more dilute samples. 

Because of the nature of the problem, greatest empha- 
sis was placed upon the bands occurring in the carbonyl 
region ; however, other bands were studied also. 


RESULTS 


The N-butyl series of compounds presented the 
characteristic y(N—H) in the region of 3200 cm. The 
frequencies of the two bands typical of perturbation due 
to hydrogen bonding and the single band resulting from 
dissociation are given in Table I. The disappearance of 
the lower frequency bands upon dilution and the ap- 
pearance of the unperturbed »v(N—H) was quite gradual 
throughout. In general, the band of lower frequency 
tended to decrease in intensity at the more rapid rate. 

A set of weak bands appeared in the spectra of the 
N,N-dibutyl-ethanamides near 3300-3500 cm—!. Those 
of lower frequency increased virtually monotonically 
from 3257 to 3332 cm. They are identified as harmonics 


of the band which progresses from 1647 to 1689 cm~ 
The higher frequency band occurs in the neighborhoo 
of 3448 cm~'. This is near the monomeric »(N—H 
observed in the other series. In view of the fact that thi 
absorption is quite weak and that other bands whic 
might be attributed to the presence of the N-buty! 
ethanamides are absent, it is unlikely that these ar 
due to such impurities. It is evident that small quanti 
ties of such materials would be virtually completel: 
hydrogen bound. This indicates that the frequenc 
cited is incorrect for v(/N—H) under these conditions 
Although these could be water bands, the frequency i 
somewhat higher in the case of the latter than that ob 


TABLE II. Low-intensity, high-frequency bands of some : 
N,N-dibutyl-ethanamides. 








Frequenc) 


Compound (cm™) 


3436 (w) 
3257 (vw 
1727 (vw 


3448 (w) 
3287 (w) 
1733 (w) 





N,N-dibutyl-ethanamide 


N,N-dibuty]!-2-chloro-ethanamide 


3390 (vw 
3289 (w) 
1754 (w) 


N,N-dibutyl-2,2-dichloro-ethanamide 


3413 (vw, 
3279 (w) 
1770 (w) 


N,N-dibutyl-2-chloro-2-fluoro-ethanamide 


3472 (vw, 
3300 (vw, 
1764 (w) 


3472 (vw, 
3322 (w). 
1776 (vw, 


N,N-dibutyl]-2,2-difluoro-ethanamide 


N,N-dibutyl-2,2,2-trifluoro-ethanamide 











cme 
yrhoo: 
N—-H 
at thi 
whic 
buty! 
se ar 
uanti 
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ncy | 


me : 


aquency 
cm) 


36 (w) 
7 (vw 
7 (vw 


8 (w) 
37 (w) 
33 (w) 


10 (vw 
9 (w) 
4 (w) 


3 (vw, 
9 (w) 
10 (w) 


2 (vw, 
10 (vw, 
4 (w) 


2 (vw; 
2 (w) 
16 (vw, 
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INFRARED SPECTRUM OF THE AMIDE GROUP 


served here. The variation in frequency from compound 
to compound is beyond the limits of probable error. It 
is possible that these bands are harmonics ; however, we 
were unable to assign them. The frequency data on 
these two bands and a weak, unassigned band appearing 
in the neighborhood of 1750 cm™ are in Table II. The 
latter does not appear to be a fundamental although a 
harmonic at 3448 cm™ could imply that it is. 

y(C—H) was assigned to three bands. A shoulder of 
medium intensity occurs at 2924 cm, a strong band at 
2915 cm™, and a band of medium intensity at 2849 cm. 
These frequencies are invariant under dilution and are 
adhered to within narrow limits by all species of both 
series of compounds. There is no apparent difference in 
the bands of compounds into which halogen substituents 
have been introduced even though one would expect a 
highly activated 2 hydrogen to give rise to a shifted 
y(C—H). Such an observation would perhaps be im- 


TABLE III. »(C=O) of some N-butyl-ethanamides. 








Frequency Frequency 
com). increase 
Compound Pure Dilute (cm) 


1658 (vs) 1686 (vs) 28 
1645 (vs) 41 


1661 (vs) 1686 (vs) 25 
1653 (vs) 33 


1692 (vs) 1706 (vs) 14 
1675 (vs) 31 


1692 (vs) 1712(vs) 20 
1678 (vs) 34 


1684 (vs) 1718 (vs) 34 
1675 (vs) 43 


N-butyl-2,2,2-trifluoro-ethanamide 1718 (vs) 1736(vs) 18 
1706 (vs) 30 





N-butyl-ethanamide 
N-butyl-2-chloro-ethanamide 
N-butyl-2,2-dichloro-ethanamide 
N-butyl-2-chloro-2-fluoro- 


ethanamide 


N-butyl-2,2-difluoro-ethanamide 








possible in view of the overwhelming intensities of like 
vibrations in the butyl groups. 

Tables III and IV contain the frequency data for 
(C=O) and the 1562 cm~ bands appearing in the 
spectra of the N-butyl-ethanamides. The shifts in fre- 
quency upon dilution are also indicated. It should be 
noted that a rather detailed study of the structure of 
these bands has been carried out. 

A previously unreported phenomenon was observed in 
the spectra of N,N-dibutyl-2,2-dichloro-ethanamide, 
N,N-dibuty]-2-chloro-2-fluoro-ethanamide, and N,N- 
dibutyl-2,2-difluoro-ethanamide. Upon dilution, the 
band near 1670 cm is found to split. This split is 
roughly symmetrical about the frequency of the band 
observed in the spectrum of the pure material. The 
higher frequency portion is of lower intensity. The fre- 
quency data in this region for all of the N,N-dibutyl 
compounds are given in Table V. The other three 
members of the series did not show either a split or a 
Significant shift of the frequency of this band upon 
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TABLE IV. v(C—N) of some N-butyl-ethanamides. 








Frequency Frequency 
(cm™) __ decrease 
Dilute (cm~) 


1502 (s) 


Compound Pure 


1565 (vs) 
1555 (vs) 
1546 (s) 


1563 (s) 
1552 (vs) 
1546 (vs) 


1563 (vs) 
1552 (s) 
1548 (s) 
1527 (s) 


1562 (vs) 
1553 (s) 
1549 (s) 


1566 (vs) 
1554 (vs) 


1564 (vs) 
1557 (vs) 





N-butyl-ethanamide 


N-butyl]-2-chloro-ethanamide 1515 (s) 


N-butyl-2,2-dichloro-ethanamide 1513 (s) 


N-butyl-2-chloro-2-fluoro- 
ethanamide 


1515 (s) 


N-buty]-2,2-difluoro-ethanamide 1524 (s) 


N-butyl-2,2,2-trifluoro-ethanamide 1524 (s) 








dilution. Highest definition was found in the case of 
N,N-dibutyl-2,2-dichloro-ethanamide. Structure of the 
band for this compound is shown in Fig. 2. 

Extremely intense bands occurred in the spectra of all 
of the compounds containing fluorine. The frequencies 
and relative intensities of these bands are tabulated in 
Table VI. As would be expected on the basis of data 
pertaining to simpler compounds containing fluorine,’ 
the v(C—F) frequencies progressively increase with the 
substitution of additional fluorine. Fuson and co- 
workers‘ have recently stated that compounds con- 
taining a perfluoromethyl group bonded to a carbon 
atom will have two v(C—F) about 50 cm~ apart in the 


TABLE V. v(C=O), v(C—N) of some N,N-dibutyl-ethanamides. 








Frequency Frequency 


shift 
(cm~) 


1) 
Dilute 

1647 (vs) 0 

1656 (vs) —2 


1684 (s) +17 
1658 (vs) —9 


1686 (s) +11 
1664 (vs) —11 


1686(m) +11 
1667 (vs) —8 


1692 (vs) +3 


Compound Pure 

1647 (vs) 
1658 (vs) 
1667 (vs) 





N,N-dibutyl-ethanamide 
N,N-dibutyl-2-chloro-ethanamide 


N,N-dibuty]-2,2-dichloro- 
ethanamide 


N,N-dibuty]-2-chloro-2-fluoro- 
ethanamide 


1675 (vs) 


N,N-dibuty]-2,2-difluoro- 
ethanamide 


N,N-dibutyl-2,2,2-trifluoro- 
ethanamide 


1675 (vs) 


1689 (vs) 








3 Smith, Brown, Nielsen, Smith, and Liang, J. Chem. Phys. 20, 
473 (1952); Smith, Saunders, Nielsen, and Ferguson, J. Chem. 
Phys. 20, 847 (1952). 

( 4Fuson, Josien, Jones, and Lawson, J. Chem. Phys. 20, 1627 
1952). 
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1150-1300 cm range. This prediction is borne out by 
the data obtained in this investigation. 

A strong absorption band found in the neighborhood 
of 1408-1460 cm in the spectra of all of the compounds 
studied is assumed to be due to 6(C—H). Assignment is 
made on the basis of the analysis of propane® in which 
methylene deformations and assymetric methyl de- 
formations occur at 1465, 1468, and 1470 cm. We have 
been unable to find any statement in the literature with 
respect to the assignment of 6(N—H) to this broad (on 
the order of 100 cm at half-height) band. 

It was found that a band occurred at about 1380 cm 
in all cases. A similar band occurs in the spectrum of 
acetamide and has been assigned by Davies and 
Hallam® to v(C—N). We found no change in the fre- 
‘quency of this band upon dilution. In subsidiary 
spectrograms, it was found that this band occurs nearly 
identically in form and in relative intensity in ”-butanol 
and in the three -butyl-, -hexyl-, and ”-octyl-amines. 
Bands at 1370 and 1375 cm™ in the propane spectrum 
are assigned to symmetrical deformations of the methyl 
groups.® This evidence has led us to assign this band to 
6(C—H). 

A band found in the 1300-1320 cm™ range in the 
spectra of all compounds studied is somewhat confusing. 
The analogous band of acetamide is assigned to the 
symmetrical 6(C—H).° We have found this band in the 
amines and in the alcohol mentioned above. It is more 


1660 cm='! 1660 cm7! 
! ! 




















Fic. 2. The region of 1660 cm™ of the infrared absorption 
spectrum of N,N-dibutyl-2,2-dichloro-ethanamide. (a) Pure com- 
pound. (b) 0.004M in CCk. 


5G. Herzberg, Molecular Spectra and Molecular Structure (D. 
Van Nostrand Company, Inc., New York, 1945), Vol. II. 
as by Davies and H. E. Hallam, Trans. Faraday Soc. 47, 1170 
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TABLE VI. v(C—F) of some 2-fluoro-ethanamides. 








Compound 


Frequency 
(cm) 
Pure Dilute 





N-butyl-2-chloro-2-fluoro-ethanamide 


1112(m) 1080 (w) 
1087 (s) 1052 (vs) 
1062 (vs) 
1036 (m) 


N,N-dibutyl-2-chloro-2-fluoro-ethanamide 1112(m) 1112 (w) 


N-butyl]-2,2-difluoro-ethanamide 


N,N-dibuty]-2,2-difluoro-ethanamide 


N-butyl-2,2,2-trifluoro-ethanamide 


N,N-dibutyl-2,2,2-trifluoro-ethanamide 


1094 (vs) 1096 (m) 
1075 (s) 1062 (vs) 
1056 (m) 1024 (w) 
1024 (w) 


1136 (vs) 1110 (vs) 
1107 (vs) 1107. (vs) 
1088 (vs) 1085 (vs) 
1065 (vs) 1065 (vs) 


1117 (vs) 1106 (s) 
1060 (vs) 1056 (vs) 


1208 (vs) 1202 (s) 
1182 (vs) 1163 (vs) 
1163 (vs) 


1202 (vs) 1205 (vs) 
1179 (vs) 1179 (s) 
1140 (vs) 1140 (vs) 
1130 (vs) 1126 (s) 








intense in the secondary amines than it is in the primary 
and even more so in the tertiary. Though this band has 
no obvious counterpart in the spectrum of propane, we 
are inclined to agree with the assignment of Davies and 


Hallam.® 


A rather broad resolved pair of bands centering about 
1250 cm~ is assigned to rocking or wagging methy] and 
methylene vibrations. The corresponding vibrations in 
propane’ are displaced to lower frequencies by about 70 


TABLE VII. Average vibrational frequencies of the 
N-butyl-ethanamides. 








Frequency Relative 
(cm~) intensity 


Assignment 





3425 
3270 
3076 
2924 
2915 
2849 
1707 
1684 
1672 
1564 
1554 
1547 
1516 


1208-1163 
1136-1065 
1112-1036 
1065-1095 


v(N—H) (monomer) 
v(N—H) (linear dimer) 
v(N—H) (cyclic dimer) 
v(C—H) 

v(C—H) 

v(C—H) 

v(C=O) (monomer) 
v(C=O) (cyclic dimer) 
v(C=O) (linear dimer) 
v(C—N) (cyclic dimer) 
v(C—N) (linear N—H—0) 
v(C—N) (linear N—H—N) 
v(C—N) (monomer) 
6(C—H), 6(N—H) 
6(C—H) 

6(C—H) 

w,r(C—H) 

v(C—F) (CFs) 
v(C—F) (CF2) 
v(C—F) (CCIF) 
v(C—N) (butyl-N) 











Dilute 


080 (w) 
052 (vs) 


112 (w) 
096 (m) 
062 (vs) 
024 (w) 


) 
) 
) 
1065 (vs) 


1106 (s) 
1056 (vs) 


1202 (s) 
1163 (vs) 


1205 (vs) 
1179 (s) 
1140 (vs) 
1126 (s) 


primary 
and has 
ane, we 
vies and 


g about 
hy] and 
tions in 
bout 70 
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cm. In some of the compounds, these bands are 
masked by »(C—F). , 

The N-butyl-ethanamides absorb in the 1065-1095 
cm region while the analogous vibration occurs at 
1098-1122 cm™ in the other series of compounds. We 
have assigned these bands to »v(C—N) of the butyl- 
nitrogen bond although the frequency is somewhat 
higher than would be expected. These frequencies are 
quite near to those assigned to methyl and methylene 
rocking modes in other compounds and could possibly be 
so identified. 

Several other bands were observed throughout the 
remainder of the sodium chloride region in all of the 
compounds studied. Insufficient data are at hand to 
permit the assignment of these vibrations. 


DISCUSSION 


The easily identified »(N—H) frequencies have been 
recorded in Table I. There is no question as to the 
assignment of the band found at higher dilutions; how- 
ever, evidence has been presented elsewhere’ with re- 
spect to the nature of the bands found in the spectra of 
the pure substances and the configuration of the N-alkyl- 
amides which is at variance with previous conclusions. 
Mizushima ef al.,’ have postulated that the trans-form 
alone exists in N-methyl-ethanamide. As a result, they 
exclude the possibility of the formation of a cyclic dimer 
in concentrated solutions. They have identified both the 
3086 and 3270 cm bands as v(N—H) of the associated 
molecules. Other investigators?:** have stated that the 
lower frequency band is due to cyclic dimers and the 
higher frequency to linear configurations. In the present 
research, it was noted that the lower frequency band 


TABLE VIII. Average vibrational frequencies of the 
N,N-dibutyl-ethanamides. 








Frequency Relative 
(cm~!) intensity 


3438 
3289 
2924 


Assignment 





1754 cm™ harmonic (?) 
1668 cm™ harmonic 
v(C—H) 

2915 v(C—H) 

2849 v(C—H) 

1754 y (?) 

1668 t v(C=O), v(C—N) 
1408-1460 6(C—H) 

1380 6(C—H) 

1300-1320 6(C—H) 

1250 wr(C—H) 
1205-1126 v(C—F) (CF;) 
1106-1056 (vs) v(C—F) (CF2) 
1112-1024 (vs) v(C—F) (CCIF) 
1098-1122 (m) v(C—N) (butyl-N) 


(vw) 








"Mizushima, Simanouti, Nagakura, Kurutani, Tsuboi, Baba, 
and Fujioka, J. Am. Chem. Soc. 72, 3490 (1950); Mizushima, 
himanouchi, Tsuboi, Sugita, Kurosaki, Mataga, and Souda, J. 
Am. Chem. Soc. 74, 4639 (1952). 
on Krebs, and Rodebush, J. Phys. Chem. 44, 1126 


oon” Darmon and G. B. B. M. Sutherland, Nature 164, 440 
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Fic. 3. Absorption spectrum of pure N-butyl]-2,2,2- 
trifluoro-ethanamide. 
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4000 3000 1800 1600 1400 


cm"! 


Fic. 4. Absorption spectrum of 0.004M N-butyl-2,2,2- 
trifluoro-ethanamide in CCl,. 


was of lower relative intensity than was the higher and 
that, upon dilution, the former was the first to vanish. In 
the absence of a more suitable explanation of the origin 
of the 3086 cm™ band, we have chosen to identify it 
with y(N—H) perturbed through cyclic dimerization. A 
significant argument in favor of this interpretation is 
that the frequency shift of this band upon dilution is 
nearly double that of the higher frequency band. It has 
been shown that the absolute values of frequency shifts 
in infrared spectra have little obvious significance ;!° 
however, the relative frequency shifts are applicable to 
the calculation of energies.""* One would expect the 


10M. Davies, Ann. Repts. on Progr. Chem. (Chem. Soc. London) 
43, 5 (1946). 

11 R. M. Badger and S. H. Bauer, J. Chem. Phys. 5, 839 (1937). 

2 R. M. Badger, J. Chem. Phys. 8, 288 (1940). 
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additional stabilization of the hydrogen bond resulting 
from cyclization to contribute to the energy to this 
extent. Though a direct comparison of the intensities of 
these bands is not wholly justified, the entropy decrease 
resulting from cyclization might be expected to inhibit 
the formation of this species despite the favorable 
energetics. 

In Table III it is seen that the frequency of »(C=O) 
of the dilute N-butyl-ethanamides increases to higher 
values as the electronegativities of the halogen substitu- 
ents increase. The trifluoro derivative absorbs at 1736 
cm upon dilution after a shift of 18-30 cm~. Upon 
dilution in CCl,, »(C=O) of CF;COOH changed from 
1785 to 1810 cm™, a comparable shift.! For the lower 
fatty acids in dilute dioxane solutions, Batuev'* found 
the upper frequency limits of this band to be 1740 cm~ 
with shifts of 70-84 cm™ in going to the pure materials. 
This general pattern agrees with the data in Table III 
in that the frequency shifts upon dilution steadily de- 
crease with increasing halogenation. The anomalous 
case, N-buty]-2,2-difluoro-ethanamide may be explained 
readily. Reference to Table I indicates the presence in 
the spectrum of a pure sample of this compound of 
unperturbed »(N—H). It is evident that the highly 
activated 2 hydrogen has displaced amido-hydrogen 
from bonding sites available to it in other compounds. 
This being the case, the hydrogen bond formed is of 
higher stability and the observed shift is greater than 
predicted. The presence of a considerable amount of 
bonded amido-hydrogen indicates that the conventional 
dimers are also present. A rather broad (for this band) 
shoulder centered at 1700 cm“ possibly accounts for the 
missing v(C=O) modes. Previous experiments® have 
shown that the amides are virtually completely as- 
sociated in the pure state and in concentrated solutions 
in CCl,. One would not expect the monomeric »(N—H) 
to indicate the presence of unassociated molecules. 

This decrease in the shift in frequency upon dilution 
would indicate that a saturation effect is taking place; 
that is, that the hydrogen bond is less stable as a result 
of the competition for the electron cloud of oxygen. 
Simply on the basis of the relative magnitudes of the 
shifts observed, we have identified the associated 
v(C=O) which occurs at the higher frequency with the 
linear dimer and the other with the cyclic dimer. 

In the introduction it was stated that the origin of the 
bands appearing near 1560 cm™ in the spectra of the 
N-buty]l-ethanamides is quite controversial. Lenormant? 
and Randall ef al., have argued that this band is 
probably characteristic of the amido »(C—N). Richards 
and Thompson! and others have assigned it to 6(N—H). 
The latter argument seems to find its strength in the 
following reasoning. The primary amines absorb broadly 
in this neighborhood with the band being rather cer- 


13M. I. Batuev, Compt. rend. acad. sci. U.R.S.S. 53, 507 (1946). 

4 Randall, Fowler, Fuson, and Dangl, Infrared Determination of 
Organic Structures (D. Van Nostrand Company, Inc., New York, 
1949). 
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tainly due to this deformation. In acetamide,® the fre- 
quency and structure of the band are virtually un- 
changed with respect to the amines. In view of the 
absence of such a band from the spectra of N,N- 
disubstituted amides and since one would expect to find 
5(N—H) in this region of the spectra of the N-mono- 
substituted amides, the band is so assigned. 

Evidence contrary to this assertion centers about 
deuterization experiments and the substitution of halo- 
gen atoms upon the nitrogen. Edsall and Scheinberg" 
studied the infrared spectra of CH;NH:2 and CH;ND,, 
They found that the introduction of deuterium shifted 
5(N—H) to lower frequencies by a factor of 1.33-1.36 
and shifted »(C—N) to lower frequencies by a factor of 
1.05. Upon deuterization of N-monosubstituted amides, 
Lenormant? found the 1560 cm™ band to be shifted to 
lower frequencies by a factor of 1.05. Analogous con- 
clusions have been reached by Fuson‘ in the cases of 
CF;COOH and CF;COOD. Lenormant? observed the 
spectrum of N-bromo-ethanamide and found the 1560 
cm— band to be totally absent. Such a substituent 
would be expected to reduce the double-bond character 
of the carbon-nitrogen linkage and shift the charac- 
teristic absorption of that bond to much lower fre- 
quencies. A further objection" to the 6(N—H) assign- 
ment lies in the absence of a band at 1560 cm from the 
spectra of lactams such as the cyclic monomer of 
6-amino-hexanoic acid. Although this compound would 
be expected to possess 6(N—H) in any event, one can 
readily see that the assumption of partial double-bond 
character by the amido-carbon-nitrogen bond could be 
forbidden structurally. Although Richards and Thomp- 
son! have observed that the substitution of electrophilic 
groups upon the amido-nitrogen sometimes decreases 
the frequency of this band, we feel that the evidence in 
the case of N-bromo-ethanamide is completely un- 
ambiguous. 

Upon dilution, the frequency of this band is found to 
shift to lower values. The data recorded in Table IV 
clearly indicate the behavior of this band with the 
introduction of halogen into the methyl group. A de- 
tailed discussion of the somewhat discontinuous be- 
havior of this band with increasing electronegativity of 
substituents requires further experimental data. 

The structure of this band in the spectra of the pure 
compounds can be correlated with the dimers expected 
to be present. It is necessary to point out that the 1527- 
cm band of N-butyl-2,2-dichloro-ethanamide is not 
explained. This compound, being solid at 25°C was in- 
vestigated in the form of a CCl, mull. We have tenta- 
tively considered this band to be characteristic of some 
vibration which appears only in the solid state. 

We assign the 1564-, 1554-, and 1547-cm— bands to 
v(C—N) in the dimers involving cyclic N—H—, 
linear N—H—O and N—H—N hydrogen bonds, re- 
spectively. v(C—N) of the monomer reaches a max! 
mum value after the fourth member of the series and 


16 J. T. Edsall and H. Scheinberg, J. Chem. Phys. 8, 520 (1940). 
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INFRARED SPECTRUM 


remains constant in frequency thereafter. This indicates 
the relative involvement of the lone pair of electrons of 
nitrogen in the bond. One would expect the nitrogen to 
lose the power to compete with oxygen in dimer forma- 
tion. The frequencies of the monomeric »(C=OQ) in 
Table III show that no saturation of the shift occurs. 
This is a reflection of the presence of a lone pair of 
electrons even when a pure double bond exists. Recog- 
nizing the probable occurrence of only two other im- 
portant dimers in the series, we have arbitrarily chosen 
that band which is shifted to the greatest extent upon 
dilution as that of the cyclic dimer. 

In view of the broadness and complexity of the band 
at 1408-1460 cm™, and because of the results of the 
deuterization experiments discussed above, we believe 
that the missing 6(N — H) is included here with 6(C—H). 

When one has accepted as reasonably certain the 
assignment of the 1560-cm™ band to »(C—N), it be- 
comes necessary to explain the absence of this band 
from the spectra of the N,N-disubstituted amides. 
With the substitution of an alkyl group upon the nitro- 
gen of acetamide, v(C—N) shifts to frequencies which 
are higher by about 175 cm™. Substitution of still 
another alkyl group would be expected to shift this band 
to still higher frequencies. The only band of any conse- 
quence in this region is at about 1650 cm“ and is usually 
assigned to v(C=Q).!? On the basis of plausibility, we 
believe that v(C=O) and (C—N) give rise to an acci- 
dentally degenerate band. Thus, the additional alkyl 
group has shifted y»(C—N) about 90 cm™ higher or half 
as much as the first alkyl group did. »(C=O) was 
decreased about 14 cm™ in the-first case and 40 cm™ in 
the second. Though the directions and magnitudes of 
these shifts are reasonable, it is not improbable that the 
resonance of these fundamentals to some extent forces 
the superposition of frequencies. It is possible that the 
two bands found in the neighborhood of 3400 cm— are 
overtones of these vibrations. 

In Table V and, for example, in Fig. 2, one sees that 
this band splits in the spectra of dilute solutions of three 
of the compounds. This split, being of the order of 20 
cm“, is probably concealed by the structure of the band 
in the pure compounds. Each of the three compounds 
possesses an active hydrogen capable of participating in 
a hydrogen bond. Though this perturbation might be 
expected in some of the cases to be smaller than that 
resulting from amido-hydrogen interactions, it should be 
sufficient to mask the split. 

The presence of this split leads one to suspect the 
existence of isomeric forms of these compounds. It is 
evident that the salient difference between the com- 
pounds exhibiting the split and those which do not is the 
presence in the former of active 2 hydrogens. The 
Interaction between these atoms and the oxygen should 
result in the existence of rotational isomers. This 
coupled with the repulsion of the halogen and oxygen 
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atoms should give rise to two potential wells of unequal 
depth rotated 180° apart. It is seen that the higher fre- 
quency band of the split pair remains virtually constant 
in frequency but decreases in intensity in going up the 
series. The lower frequency band behaves oppositely.'® 

The field interaction through the hydrogen bond and 
the induction of the halogens through the chain serve to 
balance one another in the cis-form. This explains the 
relatively constant frequency of the higher frequency 
band. In the /rans-form, the interaction with the oxygen 
is actually only the absence of repulsion. As a result, the 
monotonic increases of both »v(C—N) and »(C=O) 
remain matched. It is interesting to note that the fre- 
quency of the degenerate band, 1647 cm, is quite close 
to a generally accepted value of 1650 cm for »(C=N).!” 

Utilizing the techniques of Badger and Bauer,"'” one 
can estimate the strengths of the hydrogen bonds 
formed in the N-butyl series. The average shift found 
upon destruction of the cyclic dimer was of the order of 
350 cm™, while that observed for acetamide® was about 
260 cm~. Since it was found that the heat of formation 
of the hydrogen bond in the latter compound is about 
1.1 kcal/bond-mole,‘ it is estimated that the value in the 
compounds investigated in this research is about 1.5 
kcal/bond-mole. 

The general chemical and physical behaviors of N- 
monosubstituted amides and N,N-disubstituted amides 
are clarified by the assignment of the 1560-cm™ band in 
the former to v(C—N) and the postulate of the de- 
generacy of v(C=O) and »(C—N) in the latter. Previ- 
ously anomalous spectra such as that of diketopipera- 
zine? are readily understood in the light of these 
concepts. 
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'6 A serious difficulty in this interpretation is the absence of a 
similar split in the spectra of the N-buty] series. Such a split could 
be masked by the natural band width if it were of slightly smaller 
magnitude due to the less negative character of the oxygen. An 
alternate explanation of the split is that it is a resolution of the 
accidental degeneracy. Though we have been unable to devise an 
entirely consistent model, it is seen that a perturbation of the 
existing resonance could account for such a resolution. 


17 R.C. Johnson, An Introduction to Molecular Spectra (Methuen, 
London, 1949). 
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The volume exclusion effect in a chain of small impenetrable spheres is treated by two methods—one 
based on derivation of a Fokker-Planck equation by consideration of the number of ways in which a chain 
can be extended by adding another sphere without violating the volume exclusion condition, and the other 
based on the calculation of the number of excluded configurations as a function of chain extension. Both 
approaches lead, in the first approximation, to the same simple analytic form for the distribution of chain 
extensions 7, and to the prediction that (r?) will increase faster than the number of spheres in the chain. 
Volume exclusion does not merely change the distribution function by a scale factor, as is assumed in the 
theory of Flory; there is a relatively large decrease in the probability of small extensions. The present theory 
is compared in detail with that of Hermans, Klamkin, and Ullman, which is superficially similar in appear- 
ance, but fundamentally quite different in character and result. 





1. INTRODUCTION 


T is well known that the distribution of extensions 
(end-to-end distances) of a polymer chain in solu- 
tion will be affected by interactions between different 
portions of the chain, and, in particular, by the fact 
that two elements of the chain cannot occupy the same 
volume. Attempts to treat the volume exclusion effect 
theoretically have, however, led to a remarkable series 
of discordant results. Attempts to discuss the distribu- 
tion of chain extensions r by construction and solution 
of a Fokker-Planck equation have usually’ led to the 
conclusion that (r*) increases proportionally to the 
number JN of essentially independent elements, or links, 
in the chain. Alternative methods, based on attempts to 
calculate the number of configurations excluded by the 
volume effect, as a function of the mean dimensions of 
the molecule, have usually*~® indicated that volume 
exclusion tends to make (r”) increase faster than NV. 
Recently, Grimley’ has used a Fokker-Planck equation 
to derive a value for (r) that increases faster than V 
and resembles rather closely a form found by Bueche, 
using the other approach.* However, both methods seem 
to be in need of clarification and extension. 

This paper begins with a treatment of the distribu- 
tion of chain extensions through derivation of a Fokker- 
Planck equation. This approach to the problem, based 
on consideration of the number of ways in which a 
chain can be extended by the addition of links without 
violating the volume exclusion conditions, simplifies the 
analysis and leads to a Fokker-Planck equation that 
differs in important respects from those previously 
considered. A simple analytic solution of this equation, 

* Work supported by U. S. Office of Naval Research. 

1J. J. Hermans, Rec. trav. chim. 69, 220 (1950). 

2H. Hadwiger, Makromol. Chem. 5, 148 (1951). 

3 Hermans, Klamkin, and Ullman, J. Chem. Phys. 20, 1360 
OP. Flory, J. Chem. Phys. 17, 303 (1949). 

5 Pp. J. Flory and T. G. Fox, Jr., J. Am. Chem. Soc. 73, 1904 
oF Bueche, J. Chem. Phys. 21, 205 (1953). 

7T. B. Grimley, J. Chem. Phys. 21, 185 (1953). 


8’ Compare Eq. (5) of reference 7, and the last equation of 
page 207 of reference 6. Grimley’s 8; is —v in Bueche’s notation. 
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valid in the first approximation, is found. An alterna- 
tive treatment of the problem, based on calculation of 
the number of excluded configurations as a function of 
chain extension, is then carried through, and yields 
exactly the same form for the distribution function. 
The methods concur in predicting that (r”) will increase 
faster than NV, and that volume exclusion produces an 
important change in the form of the distribution of 
extensions, rather than the mere change of scale as- 
sumed in the theory of Flory. The present theory is 
compared in detail with that of Hermans, Klamkin, and 
Ullman. It is shown that the basic assumptions of the 
two theories, despite a considerable formal similarity, 
are fundamentally different ; it is for this reason that the 
volume exclusion effects predicted by the two theories 
are different in magnitude and character. 


2. INTEGRAL FORMULATION OF THE THEORY 


As a model of a free polymer molecule of WV links we 
shall take a string of V+1 small impenetrable spheres 
of diameter A. Instead of treating the distance between 
adjacent spheres in the chain as fixed (as Hermans, 
Klamkin, and Ullman do), we shall take the displace- 
ment s along each such link as variable, with the a priori 
probability density function for s given, in the absence 
of volume exclusion, by 


3\} 
)=(—) exp(—¥9. ( 


We thus take as our unit of length the rms distance 
between adjacent spheres in the chain, in the absence 
of volume exclusion. From Eq. (1) it follows that the 
relative number of configurations of the chain with dis 
placement r between any pair of /th neighbors is given 
exactly, again in the absence of volume exclusion 
effects, by 


(51) (- ( 0 () 
t;)=(—) exp(---), 
ails 7 a War -) 


even for small values of ¢. 
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THE VOLUME EXCLUSION EFFECT IN FLEXIBLE CHAINS 


Our problem is now to find the relative number of 
configurations of a chain of NV links, N+1 spheres, with 
displacement r between the end spheres, taking account 
of the effects of volume exclusion. We first consider a 
chain of ¢ links. Let one end sphere, the Oth, have its 
center fixed at the origin. Let 


dC= f(t; r)dr (3) 


be the relative number of configurations of the chain, 
computed with due regard for volume exclusion, such 
that the other end sphere, the /th sphere, has its center 
at point r to within dr. Considering all these configura- 
tions, let Y(t; s, r) be the fraction of cases in which one 
can add to this chain another sphere, the (/+-1)st, dis- 
placed from the ‘th sphere by an amount s, without 
overlapping any other sphere in the chain. The relative 
number of configurations of the enlarged chain with the 
(th sphere at point r—s within dr, and the (/+1)st 
sphere displaced further by an amount s to within ds, 
is then 


f(t; r—s)drp(t; s, r—s)g(s)ds. 


The total relative number of configurations of the ex- 
tended chain with the (/+-1)st sphere at r to within dr, 
which is f(¢+1; r)dr, is obtained on summing over all 
ds. Thus one finds 


f-+1;1)= f dsf(t;r—s)g(s\W(t38, rs). (4) 


We now consider the form of ¥(t;s, r). First of all, 
y will certainly vanish if s< A, since the presence of the 
th sphere at r will then prevent the placing of the 
(t+1)st sphere at r+. To take account of the volumes 
occupied by other spheres, we define a function F 
such that 

dP=F(t;r, r+s)ds (5) 


is the probability of finding any sphere except the /th 
in a chain of ¢ links with its center at r+s to within ds, 
when the /th sphere has its center fixed at r. F(t; r, r+s) 
is to be computed taking account of all volume exclu- 
sion effects except those due to the end spheres, 0 and t. 
(For s>A, F will be nearly equal to the corresponding 
density function F’ that also takes account of volume 
exclusion by the end spheres; it is, however, continuous 
and nearly constant through the small volume where 
5<A, whereas F’ would be discontinuous and identi- 
cally zero in this volume.) Now the (¢+1)st sphere can 
be placed at the point r+s without overlapping any 
of these other spheres, provided no sphere has its center 
in a spherical volume 


v= (4/3)rA’, (6) 


eight times the volume of a single sphere, about the 
point in question. The fraction of cases in which this 
occurs is approximately 


1—vF’ (t; r; r+s)1—vF (t; r, r+s), 
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if v is small and s>A. As a basic assumption of the 
theory, we therefore take 


1—vF(t;r,r+s), (s>A), 
v(t; 8, D=| (7) 
0, (s<A). 


Introduction of Eq. (7) into Eq. (4) yields 


f(t+1; 1) = f dsf(t; r—s)g(s)[1—vF (t; r—s, r)] 
—of(t; r)g(0)[1—2F (¢; I, r) |, (8) 


where the integral is over all s, and the last term is the 
correction for the vanishing of y in the little sphere 
s<A. Neglecting the term involving v’, we obtain 


f+1;1)= f dsf(t; r—s)g(s)—vg(0) f(t; r) 


~v f ass; r—s)g(s)F(t;r—s,r). (9) 


This is the basic integral formula of the present theory. 
The first term gives the relative number of ways of 
placing the (¢+1)st sphere at r, when volume exclusion 
is neglected ; the second term corrects for volume exclu- 
sion by the ‘th sphere, and the last term corrects for the 
volume exclusion effect of the other spheres. 

In the absence of volume exclusion, Eq. (9) becomes 


fit+isx)= fdsftjr—s)g@). “(10 
Construction of successive f’s by repeated use of this 
formula, starting with f(1;s)=g(s), gives 


f(t; n= felts), (o=0). (11) 


Our problem is to determine the effect of the correction 
terms involving v in such an iterative calculation. 


3. AVERAGE DENSITY OF OTHER SPHERES 
NEAR THE END SPHERE 


The function F(t; r—s, r) plays a fundamental réle 
in this theory, and an understanding of its qualitative 
characteristics is essential for what follows. Strictly, 
F(t; r—s, r) is the average density of spheres about the 
point r, for a chain of spheres with ends fixed at 0 and 
r—s, when volume exclusion is taken into account for 
all but the fixed end spheres. Complete development 
of the theory would require relation of this quantity to 
the functions f(p; r), or its calculation by other means. 
As a first approximation, however, it is natural to re- 
place F(t; r—s, r) by the corresponding sphere density 
Fy(t; r—s, r) computed with neglect of volume exclu- 
sion. A study of Fo also provides information required 
for deriving with appropriate accuracy the Fokker- 
Planck equation corresponding to Eq. (9). We therefore 
turn to a study of this function. 
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When volume exclusion is neglected, the probability 
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and can then compute 


t—1 
Fo(t; r—s, r)= 2 Aj(t; r—s, r). (14) 
=1 


i 


Hermans, Klamkin, and Ullman have replaced such a 
sum over 7 by an integration from j7=0 to j=/, and 
have evaluated the integral.? However, such an integral 
approximation to Fo(¢;r—s, r) does not converge for 
r=0 or s=0, and is not adequate for our purposes. 
We must therefore reconsider the problem. 

In the absence of volume exclusion, the distribution 
function fo(¢; r) is of significant magnitude only for 7” 
of the order of ¢ or less. Even in the presence of volume 
exclusion, one can expect to limit attention to values of 
r of the order of #} or less. It will also be noted that in 
Eq. (9) only values of s of the order of 1 play a significant 
role, since g(s) becomes very small when s is large. 
We therefore seek an approximation to Fo valid for r 
of the order of ¢? or less, and for s of the order of 1. 

Since ¢ will be large for almost all steps in the iterative 
calculation, we shall be content with an approximation 
to Fy good to terms of the order of f~}, or r/t= (r°/t)'t-? 
or st7}. 

We first define the function 


3\! 0 1 3 
po)=(—) ¥ = exp| —— "| (15) 
2r/ i= 73 2j 


This is the average density of spheres, computed with- 
out volume exclusion, produced at point r by an infinite 
chain with one end fixed at the origin. We shall need only 
the following properties of po(r): 


3\3 73 3\3 
no)=(—) r(;)=2612(-) / - 


® See reference 3, Eqs. (35) and (35a), with p=0, for an evalua- 
tion of Fo(t; r, r+s)=Fo(t; r, R) by this method. In Eq. (35a), 
R+rshould be replaced by R—r. 


density for finding the jth sphere at the point r is 
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¢(3) being the Riemann zeta function; 


3\3 1 
d oo(=(—) 
sieiaies 2x ~ Gan 


(EG 
a (5)-], (17) 
2r 2 
3\i ¢* 1 37° 31 
moir=(—) f dj- exp| —5~|-—-, (18) 
2r 0 fi 2j3 maf 


if r{1. 
From Eqs. (13) and (14) it follows that 
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3 2 1 1 t ” 
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3r2(t— j) 38° j 
——— —-—————— (20) 
2tj 


xexp| sand ’ 
2t(t— j) 
we can write Eq. (19) as 


3 
F(t; r—s, r)=exp| —“s)| 


X[A(t;r,s)+H(t;s,7r)]. (21) 


The first term on the right comes from the first term in 
the square bracket of Eq. (19), and consists mainly of 
contributions to the sphere density by spheres with 
j<t/2; the second term arises from the second term in 
the square bracket of Eq. (19), on change of the vari- 
able of summation from j to /— j, and consists primarily 
of contributions by spheres with 7>¢/2. 

To evaluate H(t; r,s), we divide it into three parts: 


3\? 7 1 } 3r-(t—j 
sin=(—)  » | | exp| ———— 7 (22) 


2rJ ime pit—j 2tj 


where J is the integer nearest #3, 
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One can easily show that 


won() 


for all 7.29 S(r) can be approximated by an integral 
over j7, convergent for all 7, with error of the same order 
of magnitude: 


$4' 2 lp ¢ 7 
= Eee bar! 
2r vet 7p fe 


- —? 


3r 
"a = = exp| —- {+00 (25) 
j=1 ji 2 


xexp| — Sy ftw. (26) 


On introduction of the variable of integration 


s=1j/(t—j), this becomes 


3\) f? 1 3r° 
—) f dz— exp| —- -|+0(r) 
Qn a 2 22 


9 


3\'i @ 1 
-(-) > — exp Sr KAd . (27) 
2rJ izIv 7} 2] 


We thus find 
Si (r)+S2(r) = po(r)+O0(t-4). (28) 


To evaluate S3(7, s), one can approximate the sum in 
Eq. (24) by the integral from j=1-to 7=¢, convergent 
for all y and s. Introduction of z=¢7/(t— 7) as the vari- 
able of integration yields 


aut em fi 3r° 
sir, s)(—) f is exp~|-~| 
2r 0 2? 22 
33° (29) 
de S5}44 
2? 


with error of the order of 1/¢ or less so long as 7 and s 
are of the order of ¢} or less. The integration is ele- 
mentary, and yields 


31 
S3(r, s)= - —Lexp{ —3rs/t}—1]+O(¢"). (30) 


me 


For r of the order of ¢}, s of the order of 1, we thus have 


9 
S3(r, s)¥—-—-+0(?), (31) 
2r t 


which is negligible for our purposes. On the other hand, 


or 
53(s, )\=—-— - 


2r t 


(31a) 
is of the order of ¢-}, and must be retained. 
An upper limit on the correction sum is conveniently obtained 


by replacing r? in each term of the sum by the value 2j/3 that 
maximizes (very nearly) that particular term. 


We have thus obtained 
31 
H(t;1, s) = pot —Lexp{ —3rs/t}—1]+O(¢-*). (32) 
rr 


On introducing this result into Eq. (21), and retaining 
appropriate terms in the expansion of the exponential, 
one finds, with the desired accuracy, 


3 Or 
Fo(t; r—s, t)po(r) + po(s)—~(-8)p0(s)— ? (33) 


T 


for s of the order of 1 and 7 of the order of #! or less. Thus 
the average density of spheres at r, a distance 7 from 
one end of the long chain and s from the other, is ap- 
proximately equal to the average density, po(r)+-po(s), 
that would be produced there by an infinite chain with 
ends fixed at the origin and at r—s. The significant 
correction terms represent 

(a) a distortion of the distribution of spheres near 
the end of the chain fixed at r—s, which changes sign 
when s is reversed, and 

(b) a decrease in the sphere density that is essentially 
independent of s, but varies with r. 

On use of Eq. (18), we obtain a result valid for 
large r: 


3 31 9Ff 
Fo(t; r—s, aaa dl 8)pe(s)-+-— -—-— -. 
arr wt 


(34) 


Thus Fo(¢;r—s,r) can be expressed as the average 
sphere density produced at r by an infinite chain with 
one end free and the other end fixed at r—s, plus cor- 
rection terms due to the fact that the chain is finite 
and has its other end fixed at the origin. The correction 
terms are all of the order of ¢~ when r is of the order of #. 

The above results, derived for »=0, suggest that in 
the presence of volume exclusion one can write, with 
corresponding accuracy, 


1 
F(t; r—s, n= a -e, r)(< 8)p(s)+G(t;7r). (35) 


Here p(s) is the density of spheres at s due to an infinite 
chain with one end fixed at the origin, when volume 
exclusion is taken into account, except for the end 
sphere; a(v, 7) is an unknown function of its arguments, 
of the order of 1; and G(t; 7) is a correction term of the 
order of ¢-}, varying slowly with r. 


4. DERIVATION OF THE FOKKER-PLANCK EQUATION 


We shall now derive the Fokker-Planck equation 
corresponding to the basic integral equation, Eq. (9), 
assuming that F(t; r—s, r) has the form indicated in 
Eq. (35). As in Sec. 3, we shall desire an approximation 
accurate for r of the order of é', and for ¢ large. 

Let the components of s be £1, £2, £3, and the compo- 
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nents of r be x1, 2, x3. Then 








df(t; r) 
ft;1-s)=fGn)-L & a 
i Ox; 
df(t; r) 
+322 éé; , mee: (36) 
. ¢ XOX; 


In the absence of volume exclusion, f= fo, this is a 
rapidly convergent expansion when §; is of the order of 
1 and x; is of the order of #3, since 0 fo/dx; is then of the 
order of t'fo and 0? fo/dx,;dx; is of the order of "fo. 
Even in the presence of volume exclusion, one can ex- 
pect the terms to have the same relative magnitude. 
Introducing Eqs. (35) and (36) into Eq. (9), and re- 
membering that g(s) is spherically symmetric and that 


fase(s)= f assie(s)= :, (37) 
we obtain 
ft+1; nN=f¢; N+éEV SE; N+OC?*/ 
— vg (0) f(é; r) 
1| faso(sdg(s) +6050 Mic r) 
+O(vt-'f). (38) 


Since 0? fo/d/ is of the order of ¢*fo, we can expect to 
replace f(t+1;r)— f(t; 1r) by 0f/dt with error of the 
order of ¢-?f. On neglecting terms of the order of tf 
and vf /, we thus obtain the Fokker-Planck equation 


F 
ro évef=— o 0+ f dsp(s)g(s) 
at 
+60 [70 r), (39) 


or, by Eq. (35), 


0 
avy =f (0)+ fase(e(s)-90 


LF (ts, MG r). (40) 


The larger terms in Eq. (39), involving constant 
multipliers of f(t; r), affect the magnitude of f but not 
its form; thus they do not affect the calculation of (r”). 
They can be eliminated from consideration by defining 


p(t; rymexp| nf 00+ f dso(oets || r). (41) 
Equation (39) then becomes simply 


dg 
~~. §V¥p= —2G(t; r)o(é; ¥), 
t 


(42) 
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with the term on the right of the order of vf~'¢ for r of 
the order of #3. 


5. APPROXIMATE TREATMENT OF THE VOLUME 
EXCLUSION EFFECT 


To obtain a treatment of the volume exclusion effect 
in the first approximation, we replace the quantities 
F(t; r—s, r), or p(s) and G(t;r), in the correction term 
of the Fokker-Planck equation by the corresponding 
quantities Fo, po, Go computed without taking account 
of volume exclusion. Introduction of Eq. (34) into 
Eq. (40), and use of Eqs. (1), (16), and (17) yields 


of 
ry —vF y(t; r, r) f(t; 9), 


~ (43) 


or 
af 31 9F 
= —80tf=—1] (0) — -——" 


Qn 


re: r). (44 


rt 


When v=0 the appropriate solution of this equation 
is f(t; r)= fo(t; r) LEq. (2)]. For v>0 the correspon¢- 
ing exact solution has the form f= fo(t; r)T(A)R(r): 


37! 3r 
t; r)=|— —-- 
Iés9) I eal 7 


27 9 

xexp| — | vpo(0) ———v” | exp| —or| (45) 
82? 2r 

In order to concentrate attention on the form of this 


distribution, we express the spatial dependence in units 
appropriate to each value of ¢. Let 


373 
(a 
2t 
In the absence of volume exclusion, the relative number 


of chain configurations with given ~ to within dé is 
Do(&)dé, where the density function in & space is 


Dy(&) =x exp[—#] 


for all ¢. In the presence of volume exclusion the corre: 
sponding density function, as given by Eq. (45), is 


D(t; &) =a} exp —vp0(0)t] expl— (E—A)*], (48) 


where 

27\3 

A= ( —) vt, 
8x 
If one assumes that there are W ways of placing the 

(t+1)st sphere with respect to the ‘th sphere, in the 
absence of volume exclusion, and that g(s) gives the 
relative density of these positions, one can take as the 


absolute number of chain configurations with & to 
within dé 





(46) 


(47) 


(49) 


dC=W'D(t; &)dé; (50) 
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the total number of configurations for the chain then 
becomes 


C=W* exp[—po(0)é ]4a-3 
xf aee expt"). 61) 


In Eq. (51), the dependence of the integral on v and ¢ 
is relatively unimportant, compared to that of the first 
exponential. Thus the first exponential in Eq. (51) or 
Eq. (48) represents the well-known fact that volume 
exclusion reduces the total number of configurations 
possible for a chain of ¢ unit by approximately a factor 
of the form x‘. That such a factor will appear in the 
present theory is clear when one remembers that the 
average density of other spheres around the end sphere, 
F(t; r—s, r)=p(s), is nearly independent of r and ¢ 
in the important ranges of these variables. The presence 
of the other spheres reduces the number of ways in 
which each additional sphere can be added to the chain 
by a factor that is nearly independent of r and #, and 
is approximated by the constant x. Here we have found 


x= exp[ —2p9(0) ]. (52) 


This form of this result should not lead one to the con- 
clusion that the reduction factor is determined entirely 
by the sphere density at s=0; physically, it is obvious 
that the factor will depend on the whole density distri- 
bution for s of the order of 1. A more general form for 
the reduction factor appears in Eq. (41): 


x= exp|—1| g(0)-+ f dso(oe()| | (53) 


Equations (52) and (53) happen to give the same result 
for the special density function po(s). 

In addition to reducing the total number of chain 
configurations, volume exclusion changes the form of 
the distribution function for chain extensions. This 
change, expressed in the last factor of Eq. (45), and in 
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the replacement of by —A in passing from Eq. (47) 
to Eq. (48), consists in an increase of the relative weight 
of chain configurations with large r or &. The general 
character of this change is, of course, to be expected, 
since the configurations with small r are on the average 
more compact, more closely coiled, than the configura- 
tions with large r, and a larger fraction of them will be 
eliminated by the volume exclusion effect. In the present 
theory, this change in the distribution arises from the 
term G(t;7r) in the sphere density, which contributes 
the last two terms to Eq. (44). The function G(t; r) ex- 
presses the increase in the average density of spheres 
around the end sphere as r decreases. Because of this 
larger sphere density, the number of ways of passing 
from a configuration of a chain of » spheres to a con- 
figuration of a chain of (+1) spheres is smaller when r 
is small than it is when r is large. The total change in 
f(t; 1) due to volume exclusion then appears as the 
cumulative effect of this factor, as the chain is built 
up sphere by sphere, in favoring configurations with 
large r. 

Equations (48) and (49) indicate that the form of the 
distribution function is determined by the value of 4, 
or of vf}. It will be noted that the change in this distri- 
bution due to volume exclusion is not approximated by 
a change of scale, as is assumed by Flory.‘ Instead, the 
maximum density in &-space shifts to larger values of & 
as vt! increases, and the distribution assumes a quite 
different character from the usual Gaussian function 
when vf? is of the order of 1. 

For comparison with experiment, the most interest- 
ing quantity derived from the theory is [see Eq. (48) ] 


——— J dte! exp[— (£—-2)*] 
ial pala 





(54) 


) 


f dée? exp[— (t-A)"] 


0 


A straightforward calculation yields 


[1+4d?+ (4/3)M*] (4/2) {1+7(A)}+((5/3)A+ Jr*] exp (—d?) 


(r°)=t- 





) (55) 


(1+ 2d?) (w4/2){1+J(A)}+A exp(—)) 


where J(A) is the probability integral, 


2 r 

ITA)=— i) exp(—x*)dx. (56) 
at 0 

In the present units, (r?)=¢ when v=0; the second factor 

on the right of Eq. (55) then gives the correction for 


volume exclusion. For small \, one finds 


4 16 
(a i+—a+ (2-—)+ rae 
3x 3x 


4/3! 
-++-(—) vi+--+, (57) 
3\2r 





To the approximation on the second line, this agrees 
with the result of Grimley.’ For larger \, the exponen- 
tial terms in both numerator and denominator of 
Eq. (55) rapidly become negligible, and one finds, with 
an error of less than 1 percent for A> 1, 


(r*) = t(1+42+ (4/3)M*)/ (1+ 20%). 
For A<1, this yields 


(58) 


9 
(r°)2N%4=—v°P, 


Sd 


(59) 


The range of applicability of Eq. (59) will be discussed 
in Sec. 7. 
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Increase of (r’) faster than ¢ means that one cannot 
describe volume exclusion effects adequately in terms 
of an increase in the effective link length of the chain, 
or in terms of interactions of each link with a fixed 
number, however large, of its neighbor links. In other 
words, it is an essential feature of volume exclusion that 
it is an interaction of every portion of the chain with 
every other. In terms of the present theory, this appears 
in the fact that the function Go(¢; 7), which determines 
the volume exclusion effect on the form of the distribu- 
tion, is a sum of contributions from all parts of the 
chain; indeed, the term —9r/2mt comes mainly from 
the half of the chain nearer the /th link, while the term 
3ar comes mainly from the other half. 


6. AN ALTERNATIVE TREATMENT OF THE 
VOLUME EXCLUSION EFFECT 


The theory of the volume exclusion effect will now 
be worked out from a quite different point of view," 
which, however, leads to exactly the same distribution 
of extensions. 

The relative number of configurations for a chain of 
t links with extension r, computed without volume ex- 
clusion, is given by fo(/; r). Let p(t; 7) be the fraction 
of these configurations in which the volume exclusion 
condition is not violated for any pair of spheres. Then 


f(t; 0= fot; np; 7). (60) 
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We now make the following approximations in cal- 


culating p(t; 7). 

(a) Let Pmn(t; 7) be the very small probability, pro- 
portional to v, that a configuration of a chain of ¢ links 
with extension 7 will be eliminated from consideration 
by overlap of the mth and nth spheres. The probability 
that it will not be thus eliminated can then be written 
with good accuracy as 


pmn= exp{ —Pmn(t; 1)}. (61) 


In computing the probability p(¢;7r) that no volume 
exclusion condition is violated, we treat the probabili- 
ties Pmn as independent, to obtain 


t m—1l 


pt;n= exp{— 2 dX Pmnlts r)}. (62) 
The exponent in this equation is proportional to v; 
more accurate calculation Weil¢. changé,. it only. by 
terms involving higher powers of 2. 

(b) We compute the probability P,,, for overlapping 
of the mth and nth spheres, (m>n), neglecting the 
volume exclusion effect so far as all other spheres are 
concerned. (This corresponds to the approximation oj 
replacing F by Fp in Sec. 5.) Since Pn» is the fraction 
of the configurations in which the center of the nth 
sphere lies within a small volume v about the center of 
the mth sphere, we have 


J ernfotn Im) fo(m—n; 0) fo(t—m; r—Tm) 


Pan(t; r)=0 





(63) 


fem f deafoln In) fo(m—N; Pm—En) fo(t—m; r— fm) 


or after a little calculation, 


3 


3.3 t 3 
Pusht: n=1(— -) | 
(m—n) (t— m+n) 


3(m—n) 
P| 2¢(t—m-+n) 


To this approximation, P,,, thus depends only on 
|m—n|, and not on m and separately. 

By Eq. (64), the double sum in Eq. (62) contains 
t+-1— (m—n) equal terms corresponding to interactions 
between (m—~n)th neighbors. The double sum can then 
be reduced to a single sum over values of m—n=j]. 
Writing for the number of jth neighbors ‘—j, rather 
than the exact /+1—j7, we obtain 





r?+. (64) 


bf 


-1/3\!1f ¢ 7 
p(t; r= exp(—a y ~) |—| 
i=t \20rJ fLt—7 


P| = = }) ) 


11 This approach has been indicated, but not developed, by 
Bueche in reference 6. 








The sum contains no term with j7=1/, since Py, is not 
given by Eq. (64), but vanishes for r>A. By Eggs. (20) 
and (32) we have then 


p(t; r)=expl—wH (t; 0, r) ] 


9 (66) 
= exp| — vpo(0)t+ ad 
2r 


with neglect of terms of the order of vt?. Equation (60) 
becomes, on use of Eqs. (2) and (66), 


3 \3 3r2 9 
ft;n= (—) exp[ — 2p9(0)é] exp| —- +a] (67) 
2nt 2t Qn 


This is identical with the solution [Eq. (45)] of the 
Fokker-Planck equation, except for the multiplier 
exp[_27v?t/8z? ], which is a term of a sort that is not 
given reliably by either theory, and does not affect the 
calculation of (r”). 


7. RANGE OF APPLICABILITY OF THE THEORY 


The theory here presented has been designed to be 
valid primarily for r of the order of ¢! or less. Terms in 
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the equations of Secs. 3 and 4 have been classified, and 
have been neglected or retained, according to their 
orders of magnitude in this range, for small v and large ?. 
Both the general theory of Sec. 4 and the approximate 
distribution function derived in Secs. 5 and 6 thus cease 
to be valid when r greatly exceeds #}; in other words, one 
can expect these theories to be satisfactory only when 
the probabilities for chain extensions much greater 
than é} are so small that they need not be calculated 
accurately. 

The approximate theory of Sec. 5 gives an indication, 
probably quite accurate, as to the significance of this 
limitation. The distribution function of Eq. (48) has 
its maximum for =A, and is small outside the range of 
validity of the theory (£ of the order of 1) only if ) is of 
the order of 1 or less. Thus the present theory is valid 
only for vt of the order of 1 or less; it is valid in the 
limit of small 2, for fixed ¢, but not in the limit of large # 
for fixed small 2. 

From this it follows that Eq. (59) cannot be regarded 
as a limiting form for (7?) as ¢ increases. Granted the 
approximations made in Secs. 5 and 6, the validity of 
Eq. (59) follows for fixed values of \ greater than 1 by 
enough to make Eq. (59) a good approximation, but 
not for values of \ increasing faster than some quite 
small power of ¢. Thus Eq. (59) may be a good approxi- 
mation in a limited range of \ and ¢ without, however, 
contradicting the conclusion of Rubin, that in three- 
dimensional problems (r?) can increase no faster than 
in the limit of large ¢.” 

In the theory developed in Sec. 4, the assumption 
concerning ¥(¢;s, r) in Eq. (7) neglects terms of the 
order of v”, which would appear in a more careful treat- 
ment of the probability of finding the volume v un- 
occupied by other spheres; terms of the same order are 
neglected in passing from Eq. (8) to Eq. (9). To include 
these terms in the calculation would introduce, on the 
right of Eq. (38), terms in which f is multiplied by 
constants of the order of v’, and terms in which the 
variable multiplier is of the order of v°t-}. In deriving 
Eq. (39) we have thus neglected terms on the right with 
constant multipliers of the order of v?, while retaining 


®R. J. Rubin, J. Chem. Phys. 20, 1940 (1952). It should be 
noted, however, that Rubin’s upper limit on (r?) is based on an 
assumption that is not mathematically rigorous. Rubin assumes 
that the introduction of volume exclusion between the mth and 
nth spheres will produce the greatest increment in (r?) if this par- 
ticular interaction is the first to be introduced. In Sec. 6 we have 
dealt, not merely with the value of (7?), but with the whole distri- 
bution of extensions for a chain of ¢ links. The interaction of the 
mth and nth spheres introduced into this distribution a factor 
exp{ —Pmn(t;r)}, which increases monotonely from a value a 
little less than 1 toward the limit 1, as ro. Rubin’s assumption 
ls, essentially, that introduction of such a factor into the distribu- 
tion will increase (r?) by a greater amount if the distribution is 
originally of the form fo(¢;r) than it will if the distribution is 
initially of the form fo(¢; r)¢(r), where g(r) is a function that, 
like a product of factors exp{ —Pi;(t;r)}, increases monotonely 
toward the value 1 as ro. That this is not a mathe- 
matically rigorous assumption is easily shown by a counter- 
example, in which one replaces both exp{ —Pmna(t; r)} and g(r) 
by 1—8 exp(—ar*), with a and 8 both small. 
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the dominant constant multiplier of the order of 2; 
we have also neglected variable multipliers of the order 
of ¢, vt}, and vf", while retaining the dominant 
variable multiplier, G(¢;7r), of the order of vt. The 
terms with variable multipliers are the ones that de- 
termine the form of the distribution, which should thus 
be determined with good accuracy, in the range under 
consideration, so long as both v and ¢-} are small. 
The neglected term with constant multiplier Cv? would 
change the magnitude of f by a factor exp[.Cv*t] which 
is not necessarily close to 1; however, such a factor is 
still of entirely secondary importance in determining 
the magnitude of f/f, so long as v is small. 

It is not immediately clear what further limitations 
there may be on the accuracy of the approximate 
theories of Secs. 5 and 6. In both cases, the effect of 
volume exclusion for each pair of spheres is estimated by 
neglecting the volume exclusion effect for all other pairs. 
In consequence, these theories probably overestimate 
the effect of volume exclusion. In Sec. 5, in replacing the 
exact function F(t;r—s,r) by the approximate 
F(t; r—s, r), we replace p(s) by the obviously more 
compact distribution po(s) computed without volume 
exclusion, and G(t;r) by Go(t;r). Replacement of 
p(s) by po(s) will lead to an overestimate of the rate at 
which the number of configurations is reduced by vol- 
ume exclusion, but one that does not appear to be im- 
portant. The nature of the difference between G(t; r) 
and Go(t;7) is less obvious. The difference will vanish 
in the limit of small v for fixed large ¢; thus our results 
should be valid for small vf}. An estimate of the ac- 
curacy of this theory (and that of Sec. 6) for vt} of the 
order of 1 must await development of these theories in 
a higher approximation. 

A discussion of the relation of this theory to experi- 
ment will not be undertaken here. Comments and 
references to the experimental results are to be found in 
the paper of Hermans, Klamkin, and Ullman.* 


8. COMPARISON OF THE PRESENT THEORY WITH 
THAT OF HERMANS, KLAMKIN, AND ULLMAN 


The formal basis of the present theory resembles 
that of Hermans, Klamkin, and Ullman, but the results 
are entirely different. It therefore seems desirable to 
discuss in detail the quite fundamental differences in 
the two theories. 

The difference in the chain model is minor, and ap- 
pears to be of no significance: the present theory deals 
with links of variable length with a priori weights de- 
scribed by g(s), whereas the theory of HKU treats the 
links as having constant length. 

The present theory determines the distribution of 
distances between the end spheres of a chain by con- 


13 The value of x [Eq. (53)] is determined by the value of p(s) 
for s of the order of 1. In this range, p(s) is primarily a sum of 
contributions from spheres near the end sphere. These contribu- 
tions will be modified by volume exclusion in much the same way 
as f(t; r) for small ¢ [see Eq. (45) ]. It therefore appears that, in 
the important range of s, p(s)=po(s), so long as v is small. 
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sidering the relative number of ways, f(t; r), in which 
one can build up a chain of ¢ links with extension r by 
adding spheres one at a time. At each step, one takes 
account of the volume exclusion interaction between 
the newly added sphere and all spheres previously 
added to the chain; in the end one has thus taken 
account of the interactions between every pair of 
spheres. The function f(t; r) is subject to no normaliza- 
tion condition, and /drf(t;r) decreases nearly ex- 
ponentially with increasing ?. 

In the theory of HKU, attention is fixed on a com- 
plete chain of N+1 spheres. The distribution of dis- 
tances r between the (/+1)st and pth spheres within 
the chain is then computed from the distribution of 
distances between the ¢th and pth spheres by an in- 
tegral formula resembling Eq. (4) of the present paper. 
Since the function f(r,i—) defined by HKU is a 
probability density function, it is subject to the normal- 
ization condition {drf(r, i— p)=1 for all t—p. 

The difference in normalization of the functions f in 
the two theories follows from the different assumptions 
made concerning the function y. 

In the present theory, ¥(¢; s, r) is the fraction of cases 
in which one can add the (¢+1)st sphere at point r+s, 
when the /th sphere is at point r. Thus y is always less 
than 1; neither y nor y(t; s, r)g(s) satisfies any normal- 
ization condition. The form of y assumed in Eq. (7) 
is not a mere ansatz, but follows from consideration of 
the volume exclusion conditions that may prevent the 
placing of the (¢+1)st sphere at r+s. 

In the theory of HKU the function y(s, r)ds (with 
an unexpressed dependence on #, ¢, V) gives the prob- 
ability that the (¢+1)st sphere will be found at r+s 
to within ds when the /th sphere is found at r. It is 
subject to the normalization condition /dsy/(s, r)=1, 
which assures the normalization of the successive /’s 
determined by the integral formula. Concerning their 
y, HKU make the following assumption: 


¥(s, r)=A[1—vF (r+s)], (68) 


where F(r+s) is the sphere density at r+s when the 
ith sphere is at r. This is of essentially the same form as 
Eq. (7) of the present paper, except for the presence of 
the normalization factor 8, which depends (tacitly) on 
p, t, N, and r. In physical significance, however, this 
assumption is by no means equivalent to Eq. (7), and 
the fundamental difference in the theories enters at this 
point. 

To make this clear, we may consider the probability 
distribution y of HKU from another point of view. 
Let the pth sphere of the chain be fixed at the origin, 
and the /th sphere be fixed at r; then y(s, r)ds is the 
fraction of the configurations of the chain with the 


(t+1)st sphere at r+s to within ds, when all volume 
exclusion interactions in the chain are taken into ac- 
count. In the absence of volume exclusion, the number 
of such configurations will be the same for all directions 
of s, and y becomes constant. In the presence of volume 
exclusion, then, Y must be proportional to the fraction 
of these chain configurations that are not eliminated by 
any volume exclusion condition. The variation of y 
with s should thus represent the change with s of the 
fraction of configurations eliminated by all volume 
exclusion interactions, involving the “tail” of p spheres 
with the pth sphere fixed at the origin, the chain of ‘—» 
spheres stretching from the origin to the point r, and 
the “tail” of W—¢ spheres with one end fixed at r+s. 
It is clear that this number will vary primarily because a 
change in s changes the probability of volume exclusion 
interaction between the chain stretching from the origin 
to r and the “‘tail’”’ stretching out from the point r+s. 
In general, both of these chain sections will include a 
great many spheres distributed through a relatively 
large volume." In assuming that their y has the form 
given in Eq. (68) [an ansatz which they do not discuss 
in detail ], HKU in effect take the probability of volume 
exclusion interaction between large and extended dis- 
tributions of spheres to be just v times the sphere 
density at r+s. This assumption seems difficult to 
justify ; certainly it follows less clearly from the model 
than does the basic assumption of the present paper, 
that the probability of interference with the placing of 
a single sphere at r+s is proportional to the sphere 
density at that point. 

Although the basic formulas of HK U differ from those 
of the present paper only in an apparently trivial 
normalization factor in y, the effect of this factor on the 
results is enormous, and by no means limited to the 
normalization of the distribution function. The variable 
normalization factor eliminates from the Fokker-Planck 
equation of HKU what would otherwise be the domi- 
nant term—the term that is the basis of the present 
theory—and they predict a volume exclusion effect 
that is of a smaller order of magnitude, and of different 
character. 

Finally, it may be emphasized that the advantage of 
the point of view employed in this paper is that it 
permits consideration of volume exclusion interactions 
for one sphere at a time, whereas the approach of HKU 
logically involves one in consideration of the inter- 
actions between all spheres at the same time. 


4 In using the method of HKU one can choose p=0, to elimi- 
nate one tail, and can let +N-+1 to obtain a result comparable 
to that of the present paper. However, in most of the intermediate 
steps of their calculation the tail beyond the ‘th sphere must con- 
tain a considerable fraction of the total chain. 
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The recombination rate constant of methy] radicals has been redetermined by the intermittent illumina- 
tion method as 3.710" cc/mole sec at 165°, after a correction for the concurrent formation of methane. 
The recombination rate constant of deuterated methyl radicals has been found to have a substantially 
identical value. The dependence of these second-order rate constants on total pressure was studied over the 
range of 1- to 10-mm acetone pressure. Both rate constants were found to decrease identically with pressure. 
The form of their pressure dependence agrees with deductions from the “third-body” stabilization theory. 
It is shown that the absolute magnitude of the recombination rate constants, their near-identity and their 
identical decrease with pressure are all consistent with theoretical predictions, provided the methyl radicals 
form a loosely bound critical complex, in which they carry out essentially unhindered rotations. Recent litera- 
ture data on the recombination of methy] radicals are reviewed, and it is shown that they are not in serious 


disagreement with the present measurements. 





EVERAL seemingly conflicting measurements have 
been reported in the recent literature on the rate 

of formation of ethane by the recombination of methyl 
radicals. Using the photochemical rotating sector tech- 
nique with acetone and dimethyl mercury vapors at 
pressures of 10 to 50 mm and at 125 to 220°C, Gomer! 
obtained 4.510" cc/mole sec for the recombination 
rate constant. Miller and Steacie? measured the ratio 
of the rate constants of the methyl radical recombina- 
tion and their reaction with nitric oxide at a pressure 
of 4.5 mm of mercury dimethyl at room temperature; 
this result was used by Durham and Steacie’ to calcu- 
late the rate constant of the recombination reaction 
as 1.110" cc/mole sec by combining it with their 
measurements of the rate of the reaction of methyl 
radicals with nitric oxide (0.2 mm of dibutyl peroxide 
being the source of radicals). Lossing, Ingold, and 
Tickner*:® determined the recombination rate constant 
as 5.110" cc/mole sec, by a mass spectrometric 
technique in the presence of 15 mm of helium and only a 
few microns pressure of organic vapors. The radicals 
were generated by thermal decomposition at 850- 
975°C. Ingold and Lossing,® refining this technique, 
reported that upon reducing the temperature to 160°, 
the recombination rate constant rose to about 1.3 10" 
cc/mole sec. These values of the rate constant corre- 
spond to collision yields of 0.01 to 0.36 for an assumed 
cross section of 3.5A, but may be mutually consistent if 
the association rate constant is pressure and temperature 
dependent. A pressure dependence above ca 20 mm of 
acetone or dimethyl mercury is definitely ruled out by 


* Present address: Chemistry Department, Middlebury College, 
Middlebury, Vermont. 
ost) Gomer and G. B. Kistiakowsky, J. Chem. Phys. 19, 85 
an M. Miller and E. W. R. Steacie, J. Chem. Phys. 7319, 
ui RW. Durham and E. W. R. Steacie, J. Chem. Phys. 20, 582 
a Lossing and A. W. Tickner, J. Chem. Phys. 20, 907 
6 Lossing, Ingold, and Tickner, Disc. Faraday Soc. 14, 34 (1953). 
°K. U. Ingold and F. P. Lossing, J. Chem. Phys. 21, 308 (1953). 


careful measurements of the ratio of the recombination 
and hydrogen abstraction reactions of methyl radicals 
carried out in the Noyes’ and the Steacie® laboratories. 
Such dependence, however, may become significant at 
still lower pressures, and so account for the different 
collision yields mentioned above. 

To shed further light on the mechanism of this reac- 
tion, the recombination rate of methyl radicals was 
compared in the present experiments to that of deuter- 
ated methyls. Furthermore, the pressure dependence of 
the recombination reactions was explored down to 1- 
mm total pressure. 

The theory of the rotating sector as applied to the 
photolysis of acetone has been summarized elsewhere.’ 
In brief, there are three important reactions involving 
methyl radicals in the photolysis of acetone, 


2CH;—C2H¢ ; R(C2H¢) = ko[ CH; P, (2) 


CH;+ (CHs)xCO-CH,+CH:COCH;; 
R(CHy)= sl (CHs) JL(CHs)2CO]. (3) 


In the event that reaction (3) occurs to a much lesser ex- 
tent than reaction (2), the recombination rate constant 
is given by 

ko= 1/[47°R (C2H¢). |, (4) 


where 7 is the mean life of the methyl] free radicals, 
determined from the comparison of the rates of methane 
production under conditions of intermittent and steady 
illumination, while R(C2H¢), is the rate of ethane pro- 
duction with steady illumination. The theory, from 
which the equations relating the methane production 
to the radical lifetime and the duration of illumination 
are derived, has been worked out by Dickinson.° 


7™W. A. Noyes and L. M. Dorfman, J. Chem. Phys. 16, 788 
(1948). . 

8A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 18, 1097 (1950). ; 

9W. A. Noyes and P. A. Leighton, The Photochemistry of Gases 
(Reinhold Publishing Corporation, New York, 1941), pp. 202-209. 
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Taste I. Experiments with intermittent illumination of 
(CH;)2CO at 30-mm pressure. Rates expressed as mole cc™ sec™. 








R(CHa4)i Sector 





Temp. ——--— _ speed 
Run °C = R(C2He) R(CH,) R(CO) R(CH4)s (rpm) 
1 165 117.X10- 11.7X10-2 133.1072 

2 165 30.2 4.05 34.5 0.344 218 
3 165 25.6 4.34 30.1 0.381 218 
4 165 109. 11.6 123. 

5 165 27.5 3.36 32. 0.286 55.6 
6 165 28.3 3.58 31.8 0.303 89.6 
7 165 113. 11.6 129. 

8 165 27.2 4.26 - 32.1 0.361 301 
9 165 27.4 3.10 31.7 0.276 48.0 
10 165 113. 11.4 129, 
11 165 26.4 4.70 32.4 0.419 582 
12 165 30.6 4.31 36.0 0.359 287 
13 165 128. 12.1 144. 
14 165 31.5 3.60 36.0 0.299 89.8 
15 135 28.6 1.97 30.8 0.337 89.8 
16 135 114. 5.89 122. 
17 135 29.0 2.22 31.4 0.372 287 
18 135 28.6 2.80 31.8 0.469 940 
19 135 113. 5.86 121. 
20 135 28.4 1.78 30.4 0.303 55.5 
21 135 27.8 2.42 31.0 0.403 581 
22 135 112. 5.91 121. 
23 135 28.2 2.84 31.6 0.476 581 








In order to account for the pressure dependence of 
the recombination rate constant, a more detailed 
mechanism including deactivation by a third body is 
required, 


2CH;—C2H,* (Ra), (5) 
C:H¢*—2CHs; (Re), (6) 
C.H,*+M-—C:.H;.+ M (k,). (7) 


If we apply the steady-state assumption to the energy- 
rich ethane molecules C2H¢*, 


R(C:H,) = ko CH; P= el MJ (CHP. (8) 
2416) — "2 3. ~ he/ke+[M] 3_j - 


In the present low-pressure experiments, it has been 
possible to determine only the ratio k2/k;*, so that when 
acetone is assumed to be the third body, 


ko ka/k#L(CHs)2CO ] r R(C2Hs) 


ke ke/ke+[(CHs)sCO] R(CHy? 





[(CHs)2COP (9) 


and 

ke ke kotky 1 
=—+ . (10) 
ko ka kake [(CH3)2CO] 





It is assumed that k; is pressure independent, since it is 
associated with a metathetical reaction. 
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EXPERIMENTAL 


The deuterated acetone was prepared by the method 
of Reitz ;° 1.4 grams of Mallinckrodt analytical reagent 
acetone was refluxed with 2 grams of 99.8 percent DO 
obtained from the Stuart Oxygen Company with a few 
drops of concentrated H,SO, added. The mixture was 
then passed twice over fresh Drierite by distillation at 
reduced pressure, the acetone being received at 
—195°. The refluxing and distillation was repeated 
four times, using 2 grams of fresh D.O and a few drops 
of H2SO, each time. According to the distribution ratio 
calculated by Reitz, D/H in acetone: D/H in water=0.8, 
95 percent of the hydrogen atoms of the original acetone 
should be replaced by deuterium. This means that 85 
percent of the methyl radicals produced would be com- 
pletely deuterated, and that practically all of the re- 
mainder would have only one normal hydrogen atom. 
The infrared spectrum of the deuterated acetone was 
compared with that of normal acetone, confirming the 
calculated extent of the deuteration reaction. 

The deuterated acetone, as well as the normal ace- 
tone, were dried over Drierite and distilled once in 
vacuum at —78° and then thoroughly outgassed at 
— 78° before each series of runs. 

The CO, used as an inert gas in the low-pressure runs 
was obtained from the third quarter of a small piece of 
commercial dry ice which was allowed to evaporate in 
vacuum. The portion saved was distilled once at — 115° 
and was outgassed before each use at — 195°. 


TaBLeE II. Experiments with intermittent illumination of 
(CD;)2CO at 30-mm pressure. Rates expressed as mole cc 
sec.! 








R(CDs)i Sector 
spee 





Temp. 
a 





Run R(C2De) R(CDa4) R(CO) R(CDs,)s (rpm) 
24 165 116.X10-% 2.72x10-" 119.x10-" 

25 165 28.1 1.13 30.1 0.414 377 
26 165 28.5 1.00 30.1 0.370 249 
27 165 114. 2.71 118. 

28 165 28.7 0.834 30.1 0.309 89.6 
29 165 28.7 1.24 30.8 0.461 961 
30 165 115. 2.67 119. 

31 165 28.8 0.777 30.0 0.292 48.0 
32 165 28.6 1.16 © 30.6 0.442 582 
33 165 117. 2.64 122. 

34 165 28.9 0.900 30.7 0.341 154 
35 165 29.6 0.825 31.1 0.313 89.8 
36 165 115. 2.60 121. 

37 165 30.2 1.02 32.0 0.383 287 
38 195 28.5 2.48 32.2 0.432 581 
39 195 117. 5.77 126. 

40 195 25.8 1.79 28.4 0.329 89.8 
41 195 28.1 2.64 32.1 0.479 940 
42 195 118. 5.50 127. 

43 195 28.3 2.07 31.4 0.380 250 








QO, Reitz, Z. physik. Chem. A179, 119 (1937). 
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RATE OF ASSOCIATION 


The experimental arrangement and methods used in 
the rotating sector experiments were the same as those 
developed by Gomer.' For the low-pressure runs, the 
cylindrical reaction flask was replaced by a spherical 
quartz flask, most of the experiments being made with 
one of 523 cc volume and a few with a 165-cc flask. 
These flasks were placed in a large furnace made from 
copper pipe and heated electrically through a Sola 
voltage regulator transformer. Several copper fins were 
placed in the open end of the furnace, between the 
flask and the mercury lamp, to reduce convection cur- 
rents and improve temperature uniformity. Exploration 
with a thermocouple of the region of the furnace occu- 
pied by the flasks showed that the temperature was 
uniform to 0.5°. 

The unfiltered output of a Cooper-Hewitt 110-volt 
dc mercury lamp was used as the light source. The 
lamp was stabilized by a large inductance, and its out- 
put was kept constant manually, using the photocell 
arrangement described by Gomer. In two runs a Lectro- 
mesh screen interposed between the lamp and the 
reaction cell reduced the light intensity by a factor of 
nearly 10. 

In the low-pressure runs with added COs, the acetone 
and CO». were measured separately, before being trans- 
ferred to a mixing chamber incorporated in the vacuum 
system. After mixing, the gases were allowed to expand 
into the reaction celi. In the analysis of the reaction 
products it was necessary to eliminate some of the CO, 
carried over with the ethane. This was done by passing 
the mixture over KOH at —150°. A check on the ac- 
curacy of this separation was obtained by adding some 
CO, to the reaction mixture after the exposure of ace- 
tone alone; the error in the final result was less than 5 
percent. 


RESULTS AND DISCUSSION 


The runs with the rotating sector were performed in 
series of three, the second of which was with steady 
illumination and provided a value for methane produc- 
tion to be compared with those of the first and third runs 
using intermittent illumination. The sector was cut so 
that the ratio of the dark period to the light period was 
3:1. The exposure time in each series was so regulated 
as to obtain nearly equal quantities of methane in the 
three runs. The results of the rotating sector experiments 
are shown in Tables I and II and in Figs. 1 and 2. In 
order to correct for any variation in light intensity be- 
tween the runs with steady and with intermittent 
illumination, the ratio of the rates of methane produc- 
tion with intermittent and steady illumination, 
R(CH,);/R(CH,),, was multiplied by the factor 1/0.99 
(R(CO),/4R(CO),)!, where 0.99 is the average value 
of (R(CO),/4R(CO),)? for all runs. This correction is 
applied because with steady illumination the rate of 
methane production is proportional to the square root 
of the absorbed light intensity, provided that the ratio 
of methane to ethane is small. 
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R(CHa), 











rn l 1 l i 
° 


logr 


Fic. 1. The effect of flicker frequency upon the yield of methane 
from CH; radicals. O runs at 165° corresponding to r=5.2 msec. 
(] runs at 135° corresponding to r=8.2 msec. r=ratio of light 
period to the mean life r of the radicals. 


The lifetime of the methyl] radicals was obtained from 
the best fit of the experimental data to the theoretical 
curve of Dickinson. The rate of ethane formation used 
in calculating the recombination rate constant is the aver- 
age observed rate of formation with steady illumination. 

A summary of the free radical lifetimes and recom- 
bination rate constants deduced from equations given 
above appears in Table III. The experimental error in 
the rate constants at 165° is about 15 percent, whereas 
at the other temperatures with fewer experimental 
points it is about 30 percent. 





R(COg), 
RICD,)s 














logr , 


Fic. 2. The effect of flicker frequency upon the yield of methane 
from CD; radicals. O runs at 165° corresponding to r=7.3 msec. 
(] runs at 195° corresponding to r=9.1 msec. 
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Table III shows the rate constant for ordinary 
methyls at 165° to be much larger than the other values 
given. As shown by Table I this appears to be due to 
the breakdown of the assumptions made in deriving 
Dickinson’s formula, namely, a negligible formation of 
methane. The effect of intermittent illumination has 
been worked out, therefore, for a kinetic mechanism 
more nearly representing the conditions encountered at 
165°. Assuming that the only reactions involving methyl 
radicals are those given by Eqs. (1)—(3), it follows that 
during a light period: 


d(CH 
L d oR(CO)—2b CH} 


~ks[CHs][(CH;)2CO] (11) 





and during a dark period: 
d(CHs] 


t 





If we assume further that the acetone concentration 
remains constant, integrate these equations and solve 
them for the instantaneous methyl radical concentra- 


TABLE III. Uncorrected association rate constants. 























Lifetime 
Radical Temp. (msec) k2 cc/mole, sec 
CH; 135 8.2 3.3X 10% 
CH; 165 a2 8.0X 10% 
CD; 165 7.3 4.110% 
CD; 195 9.1 2.6X 10" 
tion, it is found that, during a light period, 
b Q 14+Ye? 
(CH; ]=— — , (13) 
4k 4ke 1— Ve? 
and during a dark period, 
bLCHs ]o’ 
(CH; ]a= (14) 


(b-+c(CHs]i’)e—clCHs]o" 
where 
b= ks (CH3)2CO ], 
c=2k:, 
Q=[P+8cR(CO) ]}, 
s 2cLCH3 ]o+b—O 
~ If CHsJo+b-+0 





(CH; Jo= methyl radical concentration at the beginning 
of a light period, and 

(CH; ]o’= methy] radical concentration at the beginning 
of a dark period. 
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Equations (13) and (14) can be used to calculate the 
methyl radical concentration at the beginning of the 
light and dark periods by the method of successive ap- 
proximations. At the sector speeds for which these 
calculations have been carried out, the methyl concen- 
tration at the end of a light period is the same as the 
methyl concentration with steady illumination within 
1 percent. An integration of the expressions (13) and 
(14) for the instantaneous methy] radical concentration, 
over the light and the dark periods, respectively, gives 
the average methyl radical concentrations. During the 
light period, 





b 1 = (e%—YV)(1—YVe-@*) 
(CH; ],= ——+— In (15) 
2c 2et (1—Y)? 





and during the dark period, 


b 1 (b+cCHs]'e?*—cf CH) 0! 
Te 5 ee oe LCHas — ’ (16) 
c pet b 











where p=3 is the ratio of the length of the dark period 
to the length of the light period. The average methyl 
radical concentration with intermittent illumination is 
given by 
CH; |:+ pLCH 
tiie (17) 
p+1 





The average methyl! radical concentration with steady 
illumination [CH;], can be obtained from Eq. (13) 
by setting ‘= 0. 

A trial value of k2 is then chosen, and from this k; is 
calculated, since the ratio k3/k2! is known from the runs 
with steady illumination. Then Eqs. (13)—(17) are used 
to calculate the ratio [CH;],/[CH3],, which should 
equal the experimental ratio R(CH,);/R(CHy),, since 
the average rate of methane production is proportional 
to the average methyl radical concentration, with 
either steady or intermittent illumination. New trial 
values of ky are tested until a value is found such that 


((CHs];)/((CHs].)=LR(CHs):]/LR(CHy).]. (18) 


These calculations have been carried out for runs 12 
and 13 with normal methyl] radicals, and for runs 26 
and 27 with deuterated methyl radicals. These runs 
were chosen for three reasons: (1) they fit well on the 
curves, (2) they occur near the inflection point of the 
curves, where the magnitude of the recombination rate 
constant has the greatest effect on the average methy! 
radical concentration with intermittent illumination, 
and (3) the runs have comparable experimental methane 
ratios. It was found that the recombination rate con- 
stant of normal methyl radicals at 165° must be re- 
duced to 4.210" cc/mole sec, corresponding to 4 
mean lifetime of 6.7 msec, in order that Eq. (18) be 
satisfied. This is a reduction of 50 percent compared to 
the value obtained by using the formulas of Dickinson. 
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TABLE IV. The effect of total pressure on the recombination rate constant. 








Pressure 





acetone. CO2 Temp. Exposure R(CHa) 
Run (mm) °C time (min) R(C2H6) mole/cc sec R(CO) ko/ke® 
44 10 215 8 17.4X10-” 4.65X10-2 22.1K10-” 0.410 
45 10 189 8 18.7 2.82 21.6 0.435 
46 8 184 8 16.2 2.00 18.2 0.391 
47 6 183 8 13.1 1.43 14.6 0.331 
48 4 185 8 10.1 0.953 11.3 0.278 
49 3 179 8 8.31 0.624 9.00 0.230 
50 2 176 12 6.61 0.392 7.00 0.181 
51 1 170 20 3.87 0.176 4.06 0.100 
52 2 174 6 6.49 0.401 6.90 0.156 
53 15 173 5 27.1 3.71 31.2 0.410 
54 12 171 6 22.3 2.58 25.3 0.405 
55 10 223 S 16.1 5.48 22.2 0.0292 
56 8 232 6 13.2 4.81 18.3 0.0271 
57 6 235 6 10.5 3.52 14.4 0.0253 
58 4 237 6 8.06 2.27 10.5 0.0221 
59 3 239 6 6.74 Lidz 8.75 0.0193 
60 2 238 8 5.46 1.18 6.67 0.0144 
61 1 241 10 3.40 0.597 4.07 0.0096 
62° 8 241 20 0.658 127 1.67 0.0264 
63* 2 238 90 0.380 0.288 0.639 0.0168 
64 1.5 239 8 4.37 0.837 5.26 0.0138 
65 2 241 8 4.87 1.10 6.05 0.0162 
66> 4 241 12 10.3 2.98 13.4 0.0187 
67> 8 239 6 14.3 5.80 20.1 0.0256 
68» 2 239 20 6.59 ize 7.96 0.0166 
69> 4 237 12 9.85 2.54 12.6 0.0216 
70° 2 237 20 6.67 1.24 7.96 0.0155 
71 6 9.9 241 6 10.2 3.88 14.2 0.0245 
72 1 8.6 242 10 3.26 0.490 3.80 0.0142 
73 1 38. 242 10 3.59 0.512 4.29 0.0143 
74 1 37. 242 10 3.44 0.476 4.05 0.0159 
75¢ 2 45. 242 8 4.54 1.12 5.97 0.0152 
76 1 39. 244 10 3.27 0.478 4.02 0.0160 
77 6 38. 241 6 9.20 3.61 13.5 0.0257 
Deuteroacetone 
78 6 237 10 12.5 1.23 13.6 0.260 
79 2 237 15 5.89 0.351 6.25 0.168 
80 10 237 6 17.3 2.18 19.6 0.321 
81 1 238 20 3.88 0.193 4.09 0.095 
82 4 238 10 9.41 0.731 10.2 0.257 
83 15 239 18 4.99 0.260 $.32 0.156 
84 1.1 240 20 4.15 0.210 4.40 0.113 








* Light intensity reduced by Lectromesh screen. 
> Reaction carried out in 165-cc cell. 
* COs added after exposure. 


On the other hand, the rate constant for deuterated 
methyl radicals becomes 3.810" cc/mole sec, thus 
changing by less than the experimental error from the 
value obtained directly from the Dickinson formulas. 
This small change is the result of the comparatively 
insignificant yield of methane from deuterated methyls 
at 165°. Accordingly it may be safely assumed that the 
other values of Table III would not be reduced by more 
than some 10 percent—within the estimated experi- 
mental error—after applying Eqs. (13)-(17). These 
laborious calculations were not carried out therefore. 
The corrected values of Table III show then that the 
recombination rate constants of the normal and 
deuterated methyl] radicals are either identical, or that 
the former is greater by not more than some 30 percent. 

The absolute rate theory predicts" a maximum 





" Glasstone, Laidler, and Eyring, The Theory of Rate Processes 
(McGraw-Hill Book Company, Inc., New York, 1941). 


value of 5X10" cc/mole sec (correcting for the elec- 
tronic multiplicity factor) for the recombination rate 
constant of normal methyls. The presently observed 
value, of about 3.710", agrees well with this predic- 
tion. The theory also requires that in order for the rate 
constant to be near the maximum value, the radicals 
must form a very loosely bound critical complex. In this 
case the ratio of the rate constants for the ordinary and 
the deuterated methyls must equal the square root of 
the inverse ratio of the masses of the radicals, i.d. 
(6/5)!=1.1. The present experimental data are in ex- 
cellent accord with this value; they show, therefore, 
very little hindrance of rotations of the methy] radicals 
in the critical complex. 

For the elucidation of the pressure dependence, 
runs were made with steady illumination at tempera- 
tures near 180° and 240°. The observed rate constant 
ratios ko/k;? were normalized to these temperatures by 
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using the activation energy differences reported by 
Trotman-Dickenson and Steacie,? E;—}E2=9.7 kcal 
for CH; and 10.3 kcal for CD;. The experimental re- 
sults are recorded in Table IV, which shows decided 
dependence of the ratio k2/k;? upon acetone pressure. 
Plots of the inverse k;?/k. against the inverse of the 
concentration of acetone give very satisfactory straight 
lines, as is shown in Fig. 3. The experimental results are 
therefore consistent with Eq. (10). The parameters of 
this equation for the three experimental conditions in- 
vestigated are shown in Table V. . 

The experimental error in the values of k3*/ka, which 
are equal to k;’/k: at high acetone pressures, is estimated 
at 10 percent, whereas there is an uncertainty of 30 
percent in the ratios k,/k.. which are equal to those 
concentrations or pressures of acetone at which the 
recombination rate constant ke has fallen to one-half 
the limiting high-pressure value. 

In the tenfold pressure range studied in these experi- 
ments, the recombination rate constant is reduced by a 
factor of 3 to 4. This pressure effect is shown to be in- 
dependent of the absorbed light intensity (runs 62 and 
63), even under conditions when the rate of methane 
production exceeds that of ethane. Further, the pressure 
effect is independent of the size of the reaction vessel 
(runs 66 to 70). This indicates that the heterogeneous 
recombination of the radicals is unimportant. 

The runs with CO, added to the reaction mixture 
show a relatively small effect of CO, on the recombina- 
tion rate constant. Even with approximately 40 mm of 
CO, added to 1 mm of acetone, the recombination rate 
constant is increased to a value characteristic of only 2- 
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Fic. 3. Plots of the ratio k3*/ke against the inverse of acetone 
concentration. Circles are for CD; at 240°; squares for CH; at 
240°; diamonds for CH; at 180°C. 
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mm pressure of acetone. Carbon dioxide has apparently 
no effect on the rate of decomposition of acetone, as 
evidenced by unchanged rate of production of carbon 
monoxide. Hence its small effect on the ethane/methane 
ratio is due either to its low efficiency as the third body, 
or to a highly improbable cancellation of two opposing 
effects. One is the retardation of the diffusion of the 
radicals to the walls, and hence of the hypothetical 
heterogeneous recombination, the other is the accel- 
erating third-body effect on the homogeneous recom- 
bination. 

It is rather unlikely that the observed reduction of 
the recombination rate at low pressures is due to the 
onset of competing reactions. One of them might be the 
formation of ethylene and hydrogen by the energy- 
rich ethane molecules. But Lossing and Tickner* ob- 
served no ethylene mass spectrometrically, under con- 
ditions even more extreme than those encountered in 
the present research. A disproportionation reaction 
2CH;—CH,+CHg2 has been reported by Bawn and 
Tipper,” but Bawn and Dunning" found no evidence 
of it and former authors estimate its activation energy 
as 8 kcal. This makes it unimportant in any case at the 
temperatures employed in the present experiments. 


TABLE V. The pressure dependence parameters of the 
recombination rate constants. 











k3? kp kp 
— cc/mole sec — mole/cc — mm 
Radical Temp. ka ke Re 
CH; 180 1.8 1.61077 4.5 
CH; 240 27 0.83 2.7 
CD; 240 2.4 0.88 2.8 








Thus, there are strong reasons for believing that 
the observed change in the k;?/k2 ratio is due to the 
third-body effect on the homogeneous recombination 
of methyl radicals. The magnitude of the observed 
effect—a change in the recombination rate constant by 
a factor of about four—is well outside the experimental 
errors. It may be noted that the earlier data of Trotman- 
Dickenson and Steacie,® obtained over the range of 
4 to 100 mm at 150°, agree well with the presently 
observed pressure effect. 

The pressure range in which the recombination rate 
constant becomes pressure dependent is consistent 
with Marcus”™ theoretical treatment for the case of a 
loosely bound critical complex. But the presently ob- 
served ratio of the recombination constants for the 
normal and the deuterated radicals does establish 4 
loosely bound complex. Thus, the data are consistent 
with Marcus’ treatment, although we cannot agree with 
his conclusion that the experimental data favor 4 
tightly bound critical complex. 


2 C, E. H. Bawn and C. F. H. Tipper, Disc. Faraday Soc. 2, 14 J 


(1947). 

13 C, E. H. Bawn and W. J. Dunning, Trans. Faraday Soc. 35, 
898 (1939). 

4 R. A. Marcus, J. Chem. Phys. 20, 359, 364 (1952). 
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Slater’s'® classical treatment of the pressure de- 
pendence is interesting in that it predicts substantially 
identical behavior of the rate constants of the normal 
and the deuterated radicals—which is in accord with 
the present findings. Benson’s'® treatment of the pres- 
sure dependence suffers, we believe, from an over- 
simplification of the model. In conjunction with the 
present findings it leads to the conclusion that only 
three to four internal degrees of freedom participate in 
the distribution of energy in the energy-rich ethane 
molecules. 

In conclusion a few comments on the apparent dis- 
crepancies in the absolute values of the recombination 
rate constants as obtained by several groups of workers. 
Gomer’s results,' obtained by the same method, do not 
differ significantly from the present data and hence 
need no further comment. To make the work of Dur- 
ham and Steacie* and Miller and Steacie? comparable 
with this research, one must apply corrections for the 
pressure effects on the recombination of methy] radicals 
and their reaction with nitric oxide. If the pressure 
dependence of the CH;+N0O reaction is the same as 
presently observed for the recombination rate, the 
collision efficiency for the recombination reaction, as 
calculated by Durham and Steacie, would have to be 


‘5 N. B. Slater, Proc. Roy. Soc. (London) 194A, 112 (1948). 
16S. W. Benson, J. Chem. Phys. 20, 1064 (1952). 


RATE OF ASSOCIATION OF 





METHYL RADICALS 1643 
increased by a factor of about two hundred. The present 
discrepancy is only a factor of thirty and hence a lesser 
pressure dependence of the CH;+N0O reaction would 
bring these data into complete agreement. A discrepancy 
of about a factor of three between the low-temperature 
data of Ingold and Lossing® and the present measure- 
ments may be easily due to the low third-body efficiency 
of the inert gas (helium) which they used in addition 
to very low pressures of organic vapors. Such low 
efficiency is certainly not in conflict with the present 
observations on the effect of carbon dioxide. The 
rather strong negative temperature coefficient of the 
recombination rate, observed by Ingold and Lossing, 
is not consistent with the prediction of the absolute 
rate theory for the rate of formation of the critical 
complex. But the present interpretation of the low ab- 
solute magnitude of their recombination rate makes the 
stabilization of the energy-rich ethane molecules by 
collisions into the rate determining step. The Rice- 
Kassel theory of unimolecular reactions predicts a de- 
crease in the lifetime of energy-rich molecules with 
rising temperature because of their rising energy con- 
tent. It may well be that the temperature coefficient 
observed by Ingold and Lossing is due to this cause. 
If that is indeed true, it would appear that all the 
modern data on the recombination of methyl radicals 
are in substantial agreement among themselves and 
bear out very well most of the theoretical predictions. 
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Absorption coefficients of NO in the region 1080-2100A have been measured. Four continua were ob- 
served with maxima at 1820, 1450, 1285, and 1080A having f values of 0.0015, 0.0211, 0.367, and 0.1, respec- 
tively. The strongest absorption band in the ultraviolet lies at 1178A with an absorption coefficient of 
3010 cm~ at its maximum. A number of new bands were observed, and some of them classified. Some of the 
continua have been interpreted in terms of possible dissociation processes, and a potential energy diagram 


is presented. 


EVERAL investigators have studied the absorption 
spectrum of nitrous oxide in the vacuum ultra- 
violet. Leifson'! observed two continuous bands, the 
first covering the region 2000-1680A and the second 
extending from 1550A to the transmission limit of 
fluorite. However, he did not observe any discrete 
bands. Sen-Gupta? also observed two continua in 
roughly the same regions. The most thorough and de- 
tailed work is that of Duncan* who studied the region 
850-2200A. The near ultraviolet absorption spectrum 
'S. W. Leifson, Astrophys. J. 63, 73 (1926). 


*P. K. Sen-Gupta, Nature 136, 513 (1935). 
*A. B. F, Duncan, J. Chem. Phys. 4, 638 (1936). 








of N2O has been studied by a number of investigators.*~® 

Absorption coefficients of N,O in the region 1390- 
2200A were recently measured by Romand and May- 
ence’ who studied the two continua mentioned above. 
They found the maxima to lie at 1450A and 1840A. 
There appear to be no other measurements of absorption 
coefficients in the vacuum ultraviolet. This paper will 
describe some absorption measurements made by a 
technique somewhat different from that of previous 


4A. K. Dutta, Proc. Roy. Soc. (London) A138, 84 (1932). 
50. R. Wulf and E. H. Melvin, Phys. Rev. 39, 180 (1932). 
6 L. Henry, Nature 134, 498 (1934). 

7J. Romand and J. Mayence, Compt. rend. 228, 998 (1949). 
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workers. Absorption coefficients were measured here 
from 1080-2100A. All the bands found by Duncan in 
this region were found here, as well as many others not 
previously detected. 


EXPERIMENTAL 


The nitrous oxide was purified from tank gas by 
drying over P.O; and ten successive fractional distilla- 
tions with liquid nitrogen, retaining the middle fraction 
each time. The final product was analyzed with a 
Consolidated Engineering Corporation Analytical Mass 
Spectrometer. No detectable impurities were found, 
indicating that the total impurities could not exceed 
~0.05 percent. 

The absorption measurements were made in a manner 
exactly like that described in a previous paper from 
this laboratory.® Briefly, the dispersing instrument was 
a Baird one-meter vacuum monochromator. Entrance 
and exit slits were each 0.05 mm, giving a band width 
of 0.85A. The spectra were scanned at 20A per minute. 
A hydrogen discharge light source was used and the 
nitrous oxide was contained in a cell having cleaved LiF 
windows at each end. The cell was 47 mm long and the 
N.O pressures were varied from about 0.01 to 200 mm 
Hg, depending on the extent of absorption in a given 
wavelength region. In all regions Beer’s law was found 
to hold over a five- to tenfold pressure range. 

Corrections were made for scattered light and fluores- 
cence of the LiF windows. The absorption was measured 
at a few hundred wavelengths, one to five angstroms 
apart. The absorption coefficient, & in cm™ is defined by 
I/Iy=exp(—kx) where x is the layer thickness of the 
absorbing gas in cm reduced to NTP. 

Previous work® has shown that the intensity of light 
leaving the exit slit was at least three orders of magni- 
tude too small to produce any measurable photolysis of 
N,.O. A further check was made by re-running the ab- 
sorption spectrum repeatedly and finding no change. 


RESULT AND DISCUSSION 


For convenience of discussion, the absorption spec- 
trum of nitrous oxide will be divided into four regions 
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Fic. 1. Absorption coefficients of N2O from 1080-1220A. 
8 Watanabe, Inn, and Zelikoff, J. Chem. Phys. 21 1026 (1953). 
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each of which will be designated by the terminology of 
Duncan.* Region E-F will cover the range from 108) 
to 1215A, region D from 1215A to 1380A, region C 
from 1380A to 1600A, and region B from 1600A to 
2100A. 


REGION E-F 


Figure 1 is a semilog plot of & vs \ from 1080-1215A. 
Wavelengths below this region could not be studied in 
this work, since the transparency of LiF extends only 
to 1050A. Rather diffuse bands were found at 85 350, 
85 800, 86 250, 86 800, 87 500, 88 500, 89 500, 90 400, 
91 000, and 91 800 cm“. The wave numbers of these 
bands agree quite well with those of Duncan except for 
the band at 91000 cm™ for which Duncan gives the 
value 91 200 cm™. Following Duncan, this band is a 
member (n=4) of a Rydberg series represented by 


v= 102 567—R/(n—0.92)2 where n=3,4,5,---. (1) 


The calculated wave number for n=4 is 90 999 cm™ in 
close agreement with our value 91 000 cm™. However, 
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Fic. 2. Absorption coefficients of N2O from 1220-1380A. 
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it must be admitted that these wave-number measure- 
ments are at best only approximate, owing to the diffuse 
nature of the bands. Therefore, it was not possible to 
classify them. They may be due to one or more elec- 
tronic transitions. Superimposed on these bands there 
appears to be a strong continuum which may be due to 
another electronic transition to an upper repulsive 
state. Most of the absorption intensity in this region 
may be attributed to this continuum. Its maximum 
cannot be established from Fig. 1. However, Duncan’s 
photograph shows a relatively transparent region at 
about 1060A. Thus, the shape of the absorption curve 
for the continuum is inferred to be quite asymmetric. 
The maximum is probably near 1080A. On this basis 
the f value of the continuum (excluding the bands) was 
estimated to be about 0.1 which indicates an allowed 
transition. 

In this region there is another band at 84 900 cm™ 
which is the strongest ultraviolet absorption band ob- 
served for N20. Its & value at the maximum is 3010 
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cm. Duncan suggests that it is a member of a Rydberg 
series converging to an ionization potential at a wave- 
length below our limit of observation. 


REGION D 


Figure 2 is a linear plot of & vs \ from 1215-1380A. 
Whereas Duncan has reported this region to contain a 
perfectly smooth continuum having no structure, the 
present study has located several weak diffuse bands on 
its long wavelength slope and one sharp band at 77 400 
cm! which may be a member of the Rydberg series 
described by Eq. (1). Duncan chose the maximum 
absorption of the continuum at 77 900 cm” as his 
Rydberg member (n=3). The band at 77 400 cm7 fits 
the Rydberg series much more closely than does the 
continuum maximum at 77 900 cm™, the calculated 
value being 77 202 cm“. It is possible that this band is 
very strong and that the continuum is actually some- 
what weaker, with its maximum value appearing to be 
high because of poor resolution of the sharp band. The 
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Fic. 3. Absorption coefficients of N2O from 1380-1605A. 


absorption of the Rydberg band probably contributes 
to the maximum value of the continuum (k= 2465 
cm). Diffuse bands are found at 77 100, 76 250, 
75 600, and 75 100 cm~. The wave numbers given here 
are probably not very accurate, owing to the diffuse 
nature of these bands. It is possible that region D 
consists of more than one electronic transition with the 
upper state of one being repulsive. In addition, the 
sharp, strong band is tentatively taken as a Rydberg 
series member. Neglecting the Rydberg band and the 
possibility that the continuum may be somewhat 
weaker than it appears to be, the f value of the con- 
tinuum is calculated to be 0.367. The limits of integra- 
tion are y= 82 250 cm and v=73 000 cm—. The high 
f value suggests an allowed transition. 


REGION C 


Figure 3 is a linear plot of k vs \ for this region. This 
region is composed of a continuum on which about 
twenty diffuse bands are superimposed. Duncan’ re- 
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ported nine bands which fit the formula 
v= 65 939+-621.20’—11.540” (o’=0,1,2,---). (2) 


He was not able to relate the frequency 621 cm™ to 
the fundamentals (589, 1285 cm~) observed in the 
infrared and suggested that the value he obtained was 
probably : (1) the lowering of 1285 due to anharmonicity 
or (2) a modification of 589. Sponer and Teller® sug- 
gested another possibility (3) namely, that the ob- 
served bands may represent two systems each with 
6212 cm“ spacing. 

The present work has detected many more bands in 
this region (see Table I) which approximately fit the 


formula 
v= 59 590+ 10050’ — 30.0v+-0.530’8 
where v'=0,1,2,---. (3) 


Some of the bands which fit (3) are in Region B. 

The value 1005 cm would tend to support the first 
case. The discrepancies between calculated and ob- 
served frequencies are not surprising, in view of the 


TABLE I. Bands of electronic transition C. 








Relative 
intensity 


2 


Cale Obs Calc-obs 





59 590 cm7! 59 520 cm=! 70 cm 
60 565 60 510 55 
61 484 61 580 —96 
62 349 62 460 —i11 
63 164 63 250 — 86 
63 931 64 020 —89 
64 654 64 720 — 66 
65 337 65 360 —23 
65 981 65 980 1 
66 591 66 580 11 
67 170 67 160 10 
67 720 67 700 20 
68 246 68 210 36 
68 749 68 730 19 
69 234 69 230 4 
69 703 69 710 —7 
70 160 70 180 —20 
70 609 70 650 —41 
71 050 71 100 —50 
71 490 71 530 —40 
71 930 71 940 °* —10 


OCONDAUS WN © 








9H. Sponer and E. Teller, Revs. Modern Phys. 13, 75 (1941). 
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diffuse nature of these bands. The strongest absorption 
lies at the band 68 730 cm“. 

There appears to be a relatively strong continuum 
underlying these bands with a maximum absorption 
coefficient of 147 cm™ at 68 940. This value compares 
fairly well with that of Romand and Mayence’ who 
found the value 118 cm™. The discrepancy might be 
attributed to the difference between photographic and 
photoelectric detection. The continuum is quite sym- 
metrical and both ends can be extrapolated to zero 
without much difficulty. The f value was measured 
as 0.0211, suggesting a fairly allowable transition. 
The limits of integration were v=73000 cm™ and 
v= 64 250 cm“. 

REGION B 


Figure 4 is a linear plot of & vs d for this region. This 
region is one of weak continuous absorption with a 
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Fic. 5. Potential energy diagram for N20. 


maximum & value of 3.82 cm™ at 1820A. Romand and 
Mayence’ found a maximum at 1840A with k=3.13 
cm, Here, as above, the discrepancy is probably due 
to the difference in method of detection. Once again, 
superimposed on this continuum are weak, very diffuse 
bands. Because of their diffuse nature, the wavelengths 
could not be measured accurately, and no attempt was 
made to classify them. The f value (0.0015) of the con- 
tinuum was measured as in the previous section with 
integration limits y=65 000 cm™ and v=46 000 cm™. 
The limits are probably not accurate, particularly the 
long wave limit. Various authors have found different 
results for this limit. The weak character of the ab- 
sorption suggests that the transition is forbidden. It is 
difficult to say whether there are one or two electronic 
transitions involved here, although there seem to be 
two, with the upper state of one being repulsive and 
the upper state of the other having a minimum. 
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POTENTIAL ENERGY DIAGRAM 


The various absorption continua described above can 
be interpreted on the basis of an energy level diagram. 
However, such an interpretation would not be complete 
without taking into account the near ultraviolet data. 
Sponer and Bonner” have attempted to interpret their 
data in the near ultraviolet in terms of dissociation 
processes of NO. Using a 33 meter light path and 
13—5 atmospheres pressure they measured N-O ab- 
sorption up to 3065A and ascribed this long wave limit 
to the possible transition from the ground state to a 
state described by (4), 


N,O(II or *2)—-N2('2)+O0(P), (4) 


with a required energy of 1.71 ev. 

The value 1.71 ev originates from thermochemical 
data." Thus, in this transition, dissociation should 
become theoretically possible at 7200A. Reasoning 
from (4) the transition from the ground state to state (5) 


N,O('2, 'Il or 'A)—N2(!Z)+O0('D) (5) 


should require 3.68 ev and have a long wave limit at 
3370A. However, Sponer and Bonner, do not ascribe 
any of their observed continua to (5). Furthermore, 
the transition from the ground state to 


N,O(!Z)—N2(!2)+O0('S) (6) 


requiring 5.9 ev should have a long wave limit at 2100A 
but Sponer and Bonner, using their data and that of 
Dutta‘ place this long wave limit at 2600A. Finally, 
Sponer and Bonner postulate the transition from the 
ground state to 


N,O (II) NO (7II)+N (‘S) (7) 


to explain the long wave limit of a continuous absorp- 
tion from 2820A to below their limit of observation. 
A careful examination of their Fig. 1 (microphotometer 
tracing of NO absorption) suggests that the extrapola- 
tion to 2820A might be in error, since in this region two 
continua are superimposed on each other. It is possible 
that this weak absorption extends to a considerably 
longer wavelength, possibly ~3300A. Indeed, in order 
to make the transition to (7) energetically consistent 
with other suggested transitions, Sponer and Bonner 
assign to it a required energy equal to 3.77 ev or 
3300A. 

In order to clear up these inconsistencies and to 
reconcile them with the data of the present work, the 
following is an attempt to present a unified picture of 
some of the electronic levels of N.O. It should be noted 
at the outset that the explanation is highly tentative in 
nature, particularly so since extrapolation to obtain 
long wave limits of continua superimposed on each 
other is an uncertain procedure. 

10H. Sponer and L. G. Bonner, J. Chem. Phys. 8, 33 (1940). 

uF, R. Bichowsky and F. D. Rossini, Thermochemistry of 


Chemical Substances (Reinhold Publishing Corporation, New 
York, 1936). 
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Figure 5 is a two-dimensional plot of potential energy 
ss internuclear distance. The abscissa scale is qualita- 
tive. The dissociation products are at the right and the 
electronic levels of N:O are indicated with arrows 
pointing to the corresponding curve. The transition to 
the lowest excited level is taken as that corresponding 
to dissociation into products in the normal states. It is 
suggested that the continuous absorption corresponding 
to this transition is too weak to be observed even at 
the long path length and high pressure of Sponer and 
Bonner. The long wave limit 3065A of the latter might 
be extrapolated preferably to ~3370A corresponding 
to the transition to (5). If the Wigner-Witmer™ rules 
are extended to N,O, the products N2('Z) and O('D) 
should originate from a singlet state. The transition 
from the normal state ' to a singlet upper state seems 
too probable not to appear in absorption at all. 

The transition to (4) would be to a °2 or “II and 
hence, forbidden, which might account for the apparent 
absence of absorption. The curve representing. the 
second excited level (‘Z, 'II, 'A or *II) should actually 
be two curves corresponding to the different possible 
dissociation products listed. For the sake of clarity, 
only one curve is drawn. If, as appears to be shown by 
the results of Sponer and Bonner, there is a continuum 
between ~2100A and ~3300A with a maximum at 
2730, transition to (7) might account for it. 

Having thus described the three lowest electronic 
levels of NO in a manner which can account for the 
near ultraviolet data, it becomes possible to add the 
data obtained in the present work. The continuum of 
region B above converging to about ~2100A can be 
accounted for by the transition to an upper repulsive 
state 


N,O('2)—N2('2)+O('S). (8) 


It is difficult to explain the low f value (0.0015) of this 
'X—'> transition. Still it can be pointed out that the 
continua at longer wavelengths are much weaker and 
are probably due to forbidden transitions. It is also 


" E. Wigner and E. E. Witmer, Z. Physik 51, 859 (1928). 
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possible that the selection rules for diatomic molecules 
do not exactly apply here. Energetically, the observed 
long wavelength limit corresponds well with the 5.9 ev 
required for this transition. 

The transition from the normal state to the upper 


stable state 


N.O(2, II or *A)—>No2(a 'I1)+O0(P) 
or —N2(A *2+)+O0('D) (9) 


is postulated to account for the band progression of 
region C represented by Eq. (2). For this progression 
the area under a plot of Av vs n gives a dissociation 
energy of ~2.4 ev for this state. The lowest member 
(probably the (0,0) band) of this progression lies at 
59 520 cm™ or 7.4 ev; hence, the level converges to 
9.8 ev which energetically can correspond to the dis- 
sociation products of (9). The designation of this level 
as a *D, ‘II or *A raises the question of violation of a 
selection rule while the absorption is rather strong. No 
explanation is suggested for this apparent anomaly. 
Still the application of the Wigner-Witmer rules in 
choosing the electronic state may not be strictly correct. 

There remain only the continua of regions C and D 
to be accounted for. Energetically, the transition from 
the ground state to 


N.O(! #55 or } 3-511) —>N2(A *2+)+0(P) (10) 


should require ~8 ev. The long wave limit of the con- 
tinuum of region C is about 64 250 cm™ or ~8 ev in 
very good agreement with energetic requirements. 

Finally, the highest excited state shown can be repre- 
sented by 


N.O(!83, 1411 or !4A)—>N,(B *I1)+0(P) 
or >NO(?Z)+N(‘S). (11) 


Here, as in a previous case, there should be two curves 
corresponding to the two sets of possible dissociation 
products, but only one is shown for the sake of clarity. 
For these transitions, the energy requirement is about 
9.2 ev. The observed long wave limit is ~73 000 cm™! 
or ~9.1 ev in very good agreement. 
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Quantitative absorption coefficient measurements have been made for CO: in the region 1050-1800A 
using a 1-meter vacuum monochromator with a phosphor-coated photomultiplier tube 1s detector. The 
absorption spectra obtained consisted of three continua (Amax at 1121, 1332, 1475A) ana possibly a fourth, 
all being superposed by many bands. For each continuum f values have been calculated. The results have 
been compared with some theoretical formulations by Mulliken. Upper limits of dissociation energies of the 


excited states of CO» are estimated. 





INTRODUCTION 


HE absorption spectrum of CO, in the vacuum 
ultraviolet has been previously reported in the 
literature by a number of investigators.’ However, for 
the absorption coefficient of CO. there appears to be 
only the measurements of Wilkinson and Johnston? in 
the region of about 1440-1670A and Preston’ at Lyman 
alpha (1216A). Considerable attention has been focused 
on the electronic structure and configuration of the CO, 
molecule, especially the theoretical formulations of 
Mulliken.*~6 
The importance of molecular absorption cross sections 
of the various atmospheric constituents has been empha- 
sized in Part I’ of this series in the light of such photo- 
chemical and collision processes that take place in the 
atmosphere. Furthermore, absorption coefficient meas- 
urements should provide much needed information in 
theoretical studies on the electronic structure of such 
molecules. It is, therefore, the intention here to report 
quantitative absorption coefficient measurements of 
CO, in the region from about 1060-1800A. 
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1T. Lyman, Astrophys. J. 27, 87 (1908) ; S. W. Leifson, Astro- 
phys. J. 63, 73 (1926); H. S. Henning, Ann. Physik 13, 599 
(1932); G. Rathenau, Z. Physik 87, 32 (1934); W. C. Price and 
D. M. Simpson, Proc. Roy. Soc. (London) A169, 501 (1938). 
1956). Wilkinson and H. L. Johnston, J. Chem. Phys. 18, 190 

3 W. M. Preston, Phys. Rev. 57, 887 (1940). 

4R. S. Mulliken, Phys. Rev. 40, 60 (1932). 

5R.S. Mulliken, J. Chem. Phys. 3, 720 (1935). 

®R.S. Mulliken, Revs. Modern Phys. 14, 204 (1942). 
wa” Inn, and Zelikoff, J. Chem. Phys. 21, 1026 


EXPERIMENTAL 


The experimental arrangement and technique have 
already been described in Part I’ although, for con- 
venience, a brief description will be given here. A win- 
dowless hydrogen discharge tube was used as the sourée, 
the light from which was dispersed with a 1-meter 
grating vacuum monochromator. The dispersed radia- 
tion (band width about 0.85A) was then allowed to 
pass through an absorption cell (with LiF windows) 
47 mm in length and the transmitted radiation detected 
with a 1P21 photomultiplier tube coated with sodium 
salicylate. The photomultiplier current was then am- 
plified and recorded on a Speedomax recorder. The 
spectrum was thus scanned automatically at a rate of 
20A per minute. 

Pure CO, was prepared by repeated sublimation of 
tank CO:, retaining only the middle fraction in each 
sublimation. The purity of the CO2 gas thus prepared 
was determined with a Consolidated mass spectrometer 
and the analysis showed that the CO, sample contained 
impurities in amounts less than 1 part in 2000. 

In the actual absorption measurements, pressures of 
CO, ranging from about 0.002 to 100 mm Hg were used. 
Thus, the calculated coefficients were averaged for 
several different pressures. It should be noted here that 
two different gratings were used in these measurements, 
one grating giving somewhat higher resolution than the 
other. Despite this difference, the absorption coefficients 
obtained using these two gratings over the same wave- 
length region agreed to within experimental error. 


RESULTS AND DISCUSSION 


Figures 1-3 show the absorption coefficients of CO: 
over the spectral region covered from about 1060- 
1800A. It can be seen that over this region there are 
three absorption continua with maxima at about 1475, 
1332, and 1121A and possibly a fourth below 1100A, 
all continua being superposed by bands, which appear 
to be diffuse. 

The weak absorption continuum first observed by 
Lyman! is clearly evident in Fig. 1. The absorption 
coefficient, k, was calculated from 


I=Iy exp(—kx), 
where J» is the incident and J the transmitted intensity 
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and x the layer thickness of the gas reduced to NTP. 
For comparison, Wilkinson and Johnston’s* curve is 
lotted as the dashed curve in Fig. 1, where their values 
of & refer to 30°C and atmospheric pressure (at NTP 
their values should be increased by about 10 percent). 
The discrepancy between our results and those of 
Wilkinson and Johnston may well be due to the inherent 
difficulties’? in the photographic method used by the 
latter. They also report the maximum of the continuum 
to be at 1495A as compared to our value of 1475A, 
which agrees with Fuch’s result of 1480A for the reso- 
nance wavelength calculated from dispersion data.’ By 
symmetrical extrapolation of the curve for the con- 
tinuum the f value (see Part I’ for the formula used in 
this calculation) was calculated to be 0.0043, which 
surprisingly agrees with the value 0.004 obtained by 
Wilkinson and Johnston. This agreement is probably 
fortuitous in that the lower & values at the shorter 
wavelengths in their curve apparently compensated for 
the larger values at the longer wavelengths. At .any 
rate, the small f value indicates a forbidden electronic 
transition, as Mulliken®:* already suggested. Thus, the 
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suggested transition is 
14+ (arg) 104, Ty. 


Mulliken has also suggested the possibility that such 
forbidden transition may occur weakly if the upper 
state of the equilibrium form of the CO, molecule is 
triangular. 

It is possible to estimate an upper limit of the energy 
necessary to dissociate CO. from the extrapolated long 
wavelength limit of the continuum. This value is 
approximately 6.8 ev (1818A). 

The bands overlying the long-wavelength end of the 
1475A continuum appear to be weak and diffuse making 
it difficult to single out any vibrational progression for 
the classification of these bands. It is interesting to 
note that we have observed many more bands in this 
tegion than reported by both Wilkinson and Johnston? 
and Leifson.! Although Price and Simpson! did not list 
the wavelengths of the bands they observed in this 
tegion, it is evident that some of these bands appear 
clearly on their photographic plate. 


iiieneseeseniees 


*0. Fuchs, Z. Physik 46, 519 (1927). 
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The continuum (Amax at 1332A) shown in Fig. 2 is a 
little more intense than the 1475A continuum. The 
bands are also more intense but somewhat less diffuse. 
The relative intensities of these two continua do not 
seem to agree with Price and Simpson’s! results. In their 
photographic plate of the absorption spectra of COs: at 
very low pressures (~0.01 mm) the 1332A continuum 
is not present while the 1475A continuum still appears. 
However, at pressure of a few tenths of a mm their 
photograph shows the shorter-wavelength continuum 
to be more intense than those at the longer wavelength, 
which corresponds more closely to our observations. 
The discrepancy in their results may well be due to 
possible changes in the background intensity of the 
Lyman continuum they used. 

The f value for the 1332A continuum was calculated 
in the same way as described above. It is to be noted 
that since the two continua overlap, the extrapolation 
must take this into account. The f value thus obtained 
is 0.0053, which is slightly larger than that of the 1475A 
continuum. This low value may again be indicative of a 
forbidden transition to a second-excited electronic 
state. 

Again, it is difficult to analyze the diffuse bands 
superposed on the 1332A continuum. Price and Simp- 
son,! who also observed these bands though did not 
list them, suggest that these bands may consist of two 
progressions starting from 1380A and 1368A, respec- 
tively, each with frequency intervals of about 1225 cm 
corresponding to the symmetrical vibration frequency 
of the ground state. However, attempting to follow this 
suggestion we find that the intervals are too irregular 
to assign any frequency for the assumed progressions. 
Furthermore, since the heads of the bands are not 
apparent, it is difficult to identify the proper wave 
number associated with each band. 

It is interesting to note that at the short-wavelength 
tail of the 1332A continuum, the absorption coefficient 
is quite low and at Lyman alpha (1216A) k=1.97 cm™. 
This compares very favorably with Preston’s*® value of 
2.01 cm“. 

Extremely high absorption coefficients were obtained 
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for wavelengths below 1200 as shown in Fig. 3. The 
highest & value was about 4350 cm~ for the band at 
approximately 1119A. The continuum with its maxi- 
mum at about 1121A is roughly 100 times more intense 
than the two longer-wavelength continua discussed 
above. The f value calculated from this continuum was 
0.12, which is indicative of an allowed electronic 
transition. 

The strong bands overlying the 1121A continuum 
have been previously reported by Rathenau! and by 
Price and Simpson! but have not been classified by 
them. From our results the progression seems to have a 
frequency interval of about 630 cm™ which would 
correspond to the bending vibration in the ground 
state. The strong bands at about 1119 and 1129A have 
been shown by Price and Simpson! (they give 1120 and 
1130A) to contain the second members of a Rydberg 
series, which converges to a limit of 13.73 ev, the first 
ionization potential of COz. 

It is possible to make some comparisons of our results 
of the absorption spectra of CO, with certain theoreti- 
cally predicted electronic transitions suggested by 
Mulliken.® A portion of the energy level diagram shown 
in Fig. 6 of Mulliken’s paper is reproduced in Fig. 4 
showing only the outermost occupied level of CO2 and 
three unoccupied ones. The column on the right desig- 
nates the molecular orbital and the column on the left 
gives the ionization energy in electron volts (averaged 
for CO, and CS.) corresponding to each orbital. The 
values in parenthesis refer to the ionization energies 
for the CO, molecule, which Mulliken gives for the 
vertical processes corresponding to the absorption 
maxima at 1600 and 1335A (from Price and Simpson’s 
results). Referring to our results for the 3o,<—17, 
transition we obtained 8.4 ev (1475A) or the corre- 


sponding ionization energy of 13.7—8.4=5.3 ev. For 
the 27,<—17, transition our results are substantially the 
same as Mulliken’s since our value of the wavelength 
of the absorption maximum of 1332A compares with 
the 1335A he used. We suggest that the absorption 
maximum at 1121A corresponds to the transition 
3a,«—17, since there is fair agreement energetically with 
our results. Thus, we obtain for the energy correspond- 
ing to the latter transition 11.1 ev (1121A), which 
compares with Mulliken’s value of about 10.2 ev. This 
would then give for the ionization energy of the 3c, 
orbital for CO, a value of about 13.7—11.1=2.6 ev. 
Although it is difficult to obtain accurate values of 
dissociation energies for the various excited electronic 
states of the CO, molecule, it is possible to obtain from 
the extrapolated long-wavelength limits of the three 
continua upper limits of the energy necessary for the 
process CO.—CO+O. Admittedly, the values of the 
long-wavelength limits are only approximate; however, 
the extrapolation is not difficult in view of the shape of 
the absorption coefficient curve. We, thus, obtain for 
the 1475A continuum a value of 6.8 ev (1818A); for 
the 1332A continuum 7.7 ev (1600A); and for the 
1121A continuum 10.3 ev (1205A). One can compare 


TABLE I. 








Above CO2('!E) Observed values 
ev 


States 


CO('Z)+0(*P) 
CO(1Z)+0('D) 
CO('Z)+O('S) 
CO(a*I1)+0(P) 
CO(d *11z)+O0(P) 








these values with those given by Weeks? for the various 
combination of dissociation products in Table I. 

Our observed values, which are upper limits, appear 
to correspond with the products CO(!Z)+O(!D) and 
CO(‘Z)+O('S). It is interesting to note that this agree- 
ment indicates that the dissociation products arising 
from two as yet unidentified excited electronic states of 
the CO: molecule yield CO in its ground state (!Z) with 
the O atom excited. The value of 6.8 ev which we ob- 
served does not agree with Week’s value of 5.4 ev too 
well if we assume that our value corresponds to the 
products CO('Z)+O(?P). This could be explained on 
the basis that, assuming the absorption continuum to 
arise from a repulsive state, a relatively steep repulsive 
curve for CO(‘Z)+O('P) would tend to give somewhat 
high upper limits of the dissociation energy in the 
extrapolation method used above. In fact Weeks? shows 
such a repulsive curve for this state. 

We wish to acknowledge the interesting and helpful 
discussions with Dr. Y. Tanaka. 


91. F. Weeks, Third Symposium on Combustion and Flame and 
Explosion Phenomena (The Williams and Wilkins Company, 
Baltimore, Maryland, 1949). 
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Absorption coefficients of ozone gas (purity 90-95 percent) were obtained in the region 1050-2200A by a 
method described previously. Several strong continua, as well as weak bands, were observed. The curve for 
absorption intensity shows a minimum (8 cm™) at about 2015A. Below this wavelength, the absorption 
coefficient increases gradually to a weak maximum (23 cm™) at about 1725A and then rapidly to a strong 
maximum (420 cm) at about 1330A. In the region 1050-1450A, the absorption intensity does not fall below 
the value 130 cm~. The results were compared with Mulliken’s treatment of the electronic spectrum of ozone. 





INTRODUCTION 


ANY investigators have studied the ozone mole- 
cule by optical methods to determine its molecu- 
lar structure and to obtain quantitative data on its 
absorption spectrum, particularly in connection with 
the study of atmospheric ozone. As a result, a number 
of bands and continua have been found in the ultra- 
violet, visible, and infrared regions; and although ozone 
is somewhat unstable, a rather large amount of reliable 
data on absorption coefficients and effects of tempera- 
ture and pressure is now available. These, however, 
will not be reviewed here. 

In the vacuum ultraviolet region, the only experi- 
mental investigation appears to be that made by Price 
and Simpson.! According to them, the result was “‘dis- 
appointing,”’ since the photographic plates showed no 
strong absorption in the region 2300—1600A. In the 
region below 1600A, a strong continuum appears in the 
reproduction of their photographic plate. However, 
they stated that in this region, the absorption of O2 
resulting from photodissociation of ozone prevents 
further investigation. 

Recently developed techniques in the use of photo- 
multiplier detectors and vacuum monochromators have 
made it possible to minimize photodissociation during 
absorption measurements by placing the absorption cell 
between the exit slit and detector. Using this method, 
it was possible to make absorption measurements of 
ozone from 2200 to 1050A. 


EXPERIMENTAL 


Liquid ozone was prepared by a method similar to 
that used by Jenkins and Birdsall? If nitrogen is 
present in tank oxygen, the ozonizer would produce 
nitrogen oxides which would condense with ozone. 
Since these oxides have strong absorption in the Schu- 
mann region, their presence could not be tolerated. 
Accordingly, the ozone samples were obtained by several 
fractional distillations of the liquid, retaining only the 
middle portion each time. 


(1944) C. Price and D. M. Simpson, Trans. Faraday Soc. 37, 106 
a AC. Jenkins and C. M. Birdsall, J. Chem. Phys. 20, 1158 


To fill the absorption cell, liquid ozone was trans- 
ferred to the gas-filling system. The transfer was ac- 
complished without any explosions by keeping the 
ozone cooled in liquid nitrogen until just prior to the 
absorption measurements. The liquid was allowed to 
evaporate slowly into the cell, and the pressure meas- 
ured with a U-type H,SO,; manometer. For pressure 
measurements below 1 mm Hg, an expansion method 
was used. The vapor pressure of H2SO, at room tem- 
perature did not produce any noticeable absorption as 
was shown by a blank run. The experimental technique 
for absorption measurements has been described® in 
Part I of this series. Since ozone decomposes at an ap- 
preciable rate, the duration of each run was limited to 
five minutes during which time a range of 100A could 
be covered. For each wavelength region four or five 
different pressures from 0.2 to 25 mm Hg in the absorp- 
tion cell (length 4.7 cm) were used to cover the absorp- 
tion intensities. 

During the filling of the absorption cell (previously 
evacuated to ~10-' mm Hg) an interesting phenomenon 
was observed. As the liquid ozone evaporated into the 
cell, a sudden increase in photomultiplier current, reach- 
ing a maximum value in a few seconds, was observed. 
The current then decayed to its original value. Upon 
pumping out the ozone, the photomultiplier current 
again increased and decreased, although, in this case, 
the rate of current change was slower and the maximum 
was much less. This phenomena occurred both with the 
light source on and off, and may be due to chemilumi- 
nescence on the inside of the cell. No doubt, some ozone 
decomposed in this process giving rise to oxygen im- 
purity, but the amount was small as determined sub- 
sequently from the absorption data. 

The purity of the ozone sample was determined by a 
combination of three methods. First, the vaporized 
ozone was allowed to react with aqueous KI and the 
liberated I, titrated with standard Na2S,O3. Here the 
ozone was found to be 90-95 percent pure for all sam- 
ples taken from the purification system and from the 
gas filling system.‘ To determine the amount of nitrogen 
oxides, a Consolidated Engineering Corporation analyti- 


3 Watanabe, Inn, and Zelikoff, J. Chem. Phys. 21, 1026 (1953). 
4 See reference 3, Fig. 1. 
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Fic. 1. Absorption coefficients of ozone (solid curve) in the 
‘ spectral region 1050—-2200A. The absorption coefficients of oxygen 
(dashed curve) are shown for comparison. 


cal mass spectrometer was used. The analysis showed no 
detectable amount of nitrogen oxides in the ozone 
sample, indicating the nitrogen oxide content was less 
than 0.05 percent. For this analysis, the sample was 
allowed to stand several days to convert the ozone 
to oxygen, since ozone may attack the metal parts of 
the mass spectrometer. Under this condition, the 
analysis for CO, COs, H,O, and hydrocarbons would re- 
sult in high values, for their formation by the action 
of ozone on stopcock grease would be exaggerated by 
the length of the exposure time, and therefore, an 
analysis of these gases was not made. The absorption 
measurement itself served as the third method for 
estimating the amount of impurities. This was made 
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possible by the data for a number of gases obtained pre- 
viously with the same absorption apparatus. COz has 
three strong peaks at 1088, 1119, and 1129A with 
k values 3600, 4400, and 2600 cm~, respectively, and 
these appeared on the uncorrected absorption curve of 
O;. The data showed that the amount of CO: was be- 
tween one and two percent. Similarly, from a strong 
oxygen peak (k= 960 cm) at 1243A, the amount of 0, 
in the absorption cell was found to be about 7 percent. 
The presence of CO was indicated by five weak but 
sharp peaks which corresponded to the heads of the CO 
fourth positive bands from (0-0) to (40). The 
amount of CO was estimated to be a few percent. 

Although the chemical method showed that the total 
amount of impurities was less than 10 percent, the ab- 
sorption data indicated that the value was somewhat 
higher, at least in the absorption cell. This is quite 
possible, since the reaction described above can pro- 
vide the additional impurities. In general, the absorp- 
tion data showed that when relatively high ozone pres- 
sures were used, the percentage of impurity was low, 
more nearly agreeing with the chemical determination. 
Therefore, to obtain the corrected absorption intensity 
curve fot ozone, only the data obtained with the highest 
pressures were used. In view of all these uncertainties, 
it is estimated that the combined experimental error 
would be as high as 10 percent. 


RESULTS AND DISCUSSIONS 


The solid curve in Fig. 1 represents the absorption 
curve of O;. This curve was obtained after corrections 
for O2, CO, and CO2 were applied to the original data. 
It cannot be an absorption curve of an unknown im- 
purity with very high absorption coefficients (order of 
10‘ cm) since the result was reproducible in spite of 
the fact that the various observed impurities varied 
considerably for different runs. The absorption curve 
(dashed) for Oz, the main impurity, is included for 
comparison. 

For convenience of discussion, the regions above and 
below about 1300A will be considered separately. 
Above 1300A there appear to be continua with maxima 
at 1725, 1450, and 1330A. The 1725A continuum merges 
at about 2000A with the known strong continuum which 
has a maximum at 2550A. The results of Vassy® and 
Ny Tsi-Ze and Choong Shin Piaw,® who measured down 
to 2020 and 2135A, respectively, are somewhat higher 
than the present data. The difference was about 10 
percent at 2200A and about 40 percent at 2020A as 
compared to the data reported by Vassy. The dis- 
crepancies are greater than can be explained by ordi- 
nary experimental errors, and might be due to their use 
of ozonized oxygen and photographic detection as 
opposed to the use of purer ozone and photoelectric 
detection. It is also possible that too small a correction 

5 A. Vassy, Ann. Phys. 16, 145 (1941). 


6 Ny Tsi-Ze and Choong Shin Piaw, Compt. rend. 195, 916 
(1933). 





Figur 
being 
tions 

tions. 
just b 
The - 
cally 

result 
repor 
sorpti 
decre 
the 3¢ 
rough 
respe 
not k 
energ 
1215, 


ABSORPTION COEFFICIENT OF O; 


was applied to our data and this may be responsible 
for about 10 percent. 
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Mulliken’ has proposed an electronic configuration 
for ozone, 


(a 42s)?(2s)?(au2s)?(og2p)?(wu2p)*(wu2p)?(2py)?(2pz)*(2pz)? (aw e2p)"(w_2p)° (ou2p)? 


la? 2a? 1b,? 3a? 


18.5 


4a 2 


17.5 


16? 


16.5 


Figure 2 shows his results schematically, all notations 
being his. The solid arrows indicate observed transi- 
tions and dashed arrows indicate other predicted transi- 
tions. The strong band, 4a,;°— 30.” predicted in the region 
just below 2000A was not observed in the present study. 
The 1725A continuum seems to correspond energeti- 
cally with it, but is much weaker than predicted. Our 
results agree with those of Price and Simpson’ who 
reported no bands in the region 2300-1600A. Our ab- 
sorption coefficient at 1600A is 35 cm“, gradually 
decreasing to a minimum at about 2000A. Energetically, 
the 3a;°— 3b," and 5a,?— 40," transitions correspond very 
roughly to the observed 1725 and 1450A continua, 
respectively, although the transition probabilities are 
not known. It might also be noted that the successive 
energy differences of the three strong continua at 1330, 
1215, and 1120A correspond fairly well to the energy 
differences among the orbitals 10,’, 4a,*, and 3a,’. 

An element of uncertainty is introduced into these 
theoretical considerations since Mulliken adopted a 
model of acute apex angle (39°) for O3. Recent infra- 
ted*“" and electron-diffraction” studies, however, seem 
to support an obtuse apex angle (127°). Therefore, we 
have attempted to find in Mulliken’s paper'* such 
transitions which correspond to our observed results. 
Without taking account of intensity relationships, the 
following transitions for the case of obtuse angle appear 
to correspond energetically with the observed continua: 


Attempted transition 


3a;:—>2b; 
2b2—>5a1? 
2b2—>5a1? 
1a2—>4b2 
1b;—>5a 1 
(11.1 ev) ? 


Continuum maximum 


1725A (7.2 ev) 
1450A (8.6 ev) 
1330A (9.3 ev) 
1215A (10.2 ev) 


1120A 
To these attempted transitions there may be added 


7R. S. Mulliken, Revs. Modern Phys. 14, 204 (1942). 
*°G. B. B. M. Sutherland and W. G. Penny, Proc. Roy. Soc. 
(London), 156, 678 (1936). 
*M. K. Wilson and R. M. Badger, J. Chem. Phys. 16, 741 
fis R. M. Badger and M. K. Wilson, J. Chem. Phys. 18, 998 
SU). 
”D. M. Simpson, J. Chem. Phys. 15, 846 (1947). 
sn Cleveland, and Meister, J. Chem. Phys. 19, 1068 
51). 
? W. Shand and R. A. Spurr, J. Am. Chem. Soc. 65, 179 (1943). 
® See reference 7, Fig. 6. 


2b 2b; 
13.5 13 


5a? 1a, 
12.5 11.5 


3b. 46,° 
10.8 4.5. 





transitions to excited states higher than those dis- 
cussed by Mulliken. 

Figure 3 shows on an enlarged scale the ozone ab- 
sorption spectrum from 1350-1060A. A number of 
bands appear in this region but, due to weakness, and 
overlapping of the bands by the strong continuum, it is 
difficult to determine progressions. However, there may 
exist some progressions which have separations of ~600 
and ~800 cm™. The continua having maxima at 1215 
and 1120A (more clearly seen in Fig. 1) are similar 
in shape and intensity to that at 1330A. It is possible 
that there are two other continua at 1165 and 1070A but 
the former does not have a prominent peak and the 
latter approaches the transparency limit of the LiF 
window, making it difficult to classify with certainty. 
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Fic. 3. Absorption spectrum of ozone in the spectral region 
1060-1350A, showing a number of bands. 


In conclusion, it is interesting to note that ozone has 
a high absorption coefficient at Lyman alpha where 
most of the gases reported present in the upper at- 
mosphere have comparatively low-absorption coeffi- 
cients, oxygen and nitrogen in particular. Water vapor 
is an exception to this with a k value of 387 cm“. In the 
region of the Schumann-Runge continuum, ozone has 
almost as strong absorption as oxygen. Furthermore, 
the intensity of the S—R continuum decreases rapidly 
on the long-wavelength side, whereas, for ozone the 
decrease is gradual, particularly above 1600A. The ab- 
sorption curves cross at about 1700A (k=20 cm“). 
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Further studies in the ultraviolet region between 4000 and 2500A indicate that the magnitude of the 
photopotential derived from a photoactive substance in solution is dependent on the absorption of the 
solution. Aliphatic and aromatic alcohols, hydroxy acids and phenols produce practically no photopotentials 
between 3000 and 8000A. The photovoltaic behavior of 38 organic halides has been studied. Methyl iodide 
produced the highest photopotential of any of the compounds used. The normal halides other than the 
iodides were inactive. In general the iso, secondary, and tertiary halides were more active than the corre- 
sponding normal halides. Results on 89 compounds other than halides are listed. 





INTRODUCTION The present paper describes continued basic work on 


N the two previous papers, results were described the effect of light absorption on the photopotential. 
on experiments which were designed to determine Additional organic compounds which have been studied 
the cause of the photovoltaic effect. The method of for their photoactivity in solution are listed. F inally, a 
experimentation and description of the apparatus were theory on the production of the photopotential is given. 
also given in detail. The photopotential, the potential 
difference between the irradiated volume and the re- 
maining unirradiated solution, appears to be positive 
when a carbonyl-like unsaturated group is present next Experimental 
to an activating group which can activate this carbonyl- 
like structure. The photopotential is negative when an 
electron-saturated coordinated atom is loosely attached 
to another atom as in the peroxide structure. Usually, 
the photopotential is distinctly positive or negative 
depending on the above-mentioned structure types. 
However, a positive and a negative photopotential may 


cin Pe “ no premers bee mamented ty the were obtained using 95 percent ethyl alcohol as a solvent. 
previously described transient photoinductive effect However, commercial absolute alcohol was used in the 
in which the photopotential displays a definite positive jemainder of the experiments, and the only water 
or negative behavior during the first moments of present was that absorbed from the air. Since the cells 
irradiation and then assumes an opposite polarity tothe were open to the air it must be assumed that some oxy- 
original. This reversal of polarity is probably indicative gen was also present in the system. A high-pressure 
of the mechanism by which the consecutive reactions or mercury-vapor lamp (General Electric Type AH-4) was 
the presence of intermediates might occur during a_ used as a source of the 3650A region of the spectrum. 
photochemical process. The light from this was filtered through a Corning glass 
filter No. 5860, and a 1 cm thickness of copper sulfate 

Taste I. Effect of equal intensities of two wavelengths of light solution containing 125 grams of the pentahydrate in! 
on the photopotential of various compounds in 95 percent ethyl liter of solution. A low-pressure mercury-vapor lamp 
alcohol. (Fluoro-Light Model 41) in conjunction with 3 cm of 
chlorine gas at atmospheric pressure, in a quartz-sided 
container, was used for the 2537A region. Light absorp- 
tion properties of most organic compounds is consider- 
Antranuinane (004A) 412 >4 about 34 ably different at these two wavelengths. By the use o 
Benzil (0.044 M) 70.8 4.3 120 1.8 equal intensities, it is believed that an indication of the 
Benzoin (0.047 M) 969 4.1 198 relative effectiveness of these two regions of the spec: 
“2 trum to produce photopotentials can be obtained. Equal 

ANE TR ALERT A A NEN RIT OI intensities of the 3650 and 2537A lines were obtained by 

b Loge is the common logarithm of the extinction coefficient. ‘placing the lamps at proper distances from the cell. The 

" * This work was sponsored by the Office of Naval Research penne Se eye wae determined by using a a J 
niet’ ate ee en electric photometer and correcting for the relative 
t Present address: Department of Biophysical Instrumentation, sensitivities of the photometer at these two wave 


Walter Reed Army Medical Center, Washington 12, D. C. tial is 
'T. Levin and C. E. White, J. Chem. Phys. 18, 417 (1950). engths. It was found that where the photopoten set 
21. Levin and C. E. White, J. Chem. Phys. 19, 1079 (1951). large, light absorption is high. This is shown in Table t. 
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A. THE EFFECT OF LIGHT ABSORPTION ON 
THE PHOTOPOTENTIAL 


Further studies were made to determine how light 
absorption affects the photopotential of a substance in 
solution. The solvent in all of these studies was ethy! 
alcohol. Alcohol was selected as a solvent because it 
dissolves many organic compounds and does not pro- 
duce a photopotential under the conditions employed in 
these experiments. The results summarized in Table | 








2537A 3650A 
Compound Galv. units* Loge> Galv. units Loge 





1.7 
20.3 1.6 


Benzophenone (0.055 /) 61.4 
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STUDIES ON THE PHOTOVOLTAIC EFFECT 


TABLE II. Photopotentials of organic halides in absolute ethyl 
alcohol at a concentration of approximately 1 percent. Incident 
light between 3000 and 8000A. 





—— 





Photopot. 
of pure 
compound 


CH;I (See Fig. 1) 
C.HsBr inactive 
CHI 720 

n-C;H7Br inactive 
n-C3H71 763—— 1000 
iso-C3;H7Br 107 

iso-C3H7I 1550-750 
n-C4HoCl inactive 
n-CsHoBr inactive 
n-CyHol 272 
sec-CsHgBr 48 

sec-CsHgl 1930-1380 
iso~CgHoCl 180 
iso-C,HgBr 55 

iso-CsHgl 1150—800 
tert-C,HyCl 30 

tert-CsH Br 114 101 
n-C3sHi,Br 115 12 

n-C4Hi3Br 72 56 

CHBr; inactive 80 ; 
CHI; — 123 — 165—— 33 
CH.,=CHCH2Br 34 14 
Fluorobenzene inactive inactive 
Chlorobenzene inactive inactive 
Bromobenzene 111 

lodobenzene indefinite indefinite 
Benzy! chloride indefinite 12 
ortho-dichlorobenzene 35 9 
para-dichlorobenzene (solid) 12 
para-dibromobenzene tee 12 
para-di-iodobenzene tee 20 
ortho-chloro-nitrobenzene tee 37 
meta-chloro-nitrobenzene see 203 
para-chloro-nitrobenzene ee 216 
ortho-bromo-nitrobenzene vee 37 
meta-bromo-nitrobenzene tee 210 
para-bromo-nitrobenzene tee 273 
ortho-chloro-benzaldehyde on 230 


1 percent 
solution in 


Compound ethanol 





5 
indefinite 
inactive 


inactive 








Discussion 


The data show that in all cases the photopotential for 
agiven solution is higher with the more highly absorbed 
2537A line than with the lesser absorbed 3650A line. For 
a continuous photopotential spectrum to be obtained 
similar to light absorption curves, a continuous and 
fairly intense band spectrum in the ultraviolet region to 
at least 2400A is required. The hydrogen discharge 
spectrum, high-voltage sparks using tungsten, molybde- 
hum, aluminum, brass, etc., and other continuous 
ultraviolet sources are too weak or not suitable for 
practical use for this purpose. Further work on this 
phase of the problem has therefore been postponed. 


B. THE PHOTOPOTENTIALS OF ORGANIC 
COMPOUNDS 


Alcohols were found to be generally inactive under the 
radiation from 3000 to 8000A as given by the unfiltered 
high-pressure mercury-vapor lamp. The following alco- 
hols were tested and found to give no photopotential: 
methyl, ethyl, n-propyl, isopropyl, n-butyl, sec-butyl, 
lsobutyl, tert-butyl, ”-amyl, isoamyl, pentanol-3, n- 
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hexyl, 2-ethyl, butanol, 2-methy] pentanol-4, heptanol-2, 
n-octanol-1, methyl-n-hexyl-carbinol, 2-ethyl hexyl, 
decyl, undecanol, lauryl, cetyl, allyl, glycerol, benzyl, 
beta-pheny] ethyl, gamma-phenyl--propyl. Under these 
same conditions the following compounds were also 
inactive: lactic, malic (very slightly active), tartaric and 
citric acids, phenol, benzhydrol, hydroquinone, pyro- 
gallol, and borneol. In all of the above cases approxi- 
mately 1 percent solutions in absolute ethyl alcohol 
were used for the experiment. A 1.0 percent solution of 
benzoin was frequently used to check the apparatus 
during these experiments. The benzoin consistently 
produced a photopotential slightly greater than 1000 
galvanometer units. The compounds are grouped to- 
gether here because of their inactivity, but in the actual 
experiments they were interspersed with those listed 
below which show considerable activity. It is recognized 
that the aliphatic alcohols and acids have low absorption 


HOURS OF IRRADIATION 





1000 


\ 0.5 1.0 1.5 
| | 








GAL VANOMETER UNITS 





Fic. 1. Photovoltaic behavior of pure methyl iodide using 3650A. 


in the region from 3000 to 8000A, and this may account 
for their failure to produce a potential. The aromatic 
compounds listed, however, show high-energy absorption 
in this region and still fail to produce a photopotential. 
In the same region of excitation 1 percent solutions 
(unless otherwise stated) of the following compounds 
gave the photopotentials indicated: picric acid —77; 
mandelic acid (10 percent) 9; methoxy derivative of 
mandelic acid (10 percent) 5; alpha naphthol 17; beta 
naphthol 27; 8-hydroxyquinoline 12; quinoline 6; 
quinoline (100 percent) 96; 8-hydroxyquinoline sulfate 
2; 7-iodo-8-hydroxyquinoline-5-sulfonic acid 36; quin- 
one —25 to +80 (transient). 

The presence of one or more hydroxy] radicals with 
one or more carboxyl groups appeared to be ineffective 
in producing photoactivity in open chain formations, 
but developed small photopotential values when at- 
tached to an aromatic ring. One, two, or three hydroxy] 
groups on an aromatic ring showed no photopotential 
activity. On the other hand, quinone, with its greater 
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TaBLe III. Relative photopotentials of various organic compounds in ethyl alcohol at 0.06 M unless otherwise specified using 2537A 
Lamp (fluorolight) 20 cm from cell. 








Compound Structure Photopotential 
Acetaldehyde CH3C=0 
H 














Acetamide saaanaae 
38 2 





Acetic Acid Cc H5C-OH 17 
O 





Acetone piers 214 
Cc "35 Cc H3 





Acetonitrile C HxCeN 154 





Hi 
Acetonyl acetone H4C-C-€-C-C- 

OHHO 
¢-CH, 14686 
O 


464 
CH3 





Acetophenone 





Acetophenone inactive 


Oxime Of CH 3 
N 
OH 
Anthraquinone 


(0.025 M) ese 








Benzalacetophenone He Eee inactive 
HHO 


oe 58 

H 

| Benzene 31 
OQ 

Os sO 

Crs" 

Oss 





Benzaldehyde 








Benzil 





Benzoic acid 





Benzoin 

















possibility of electron shifts to and from the oxygen saturated ring structure, as in borneol, was found to be 
atoms, produced a transient negative potential which photoinactive. No electronic resonance could be ex- 
quickly changed to a positive value of 80 units.! A pected in this type of compound. * APA 

hydroxy! radical attached to a more complicated but Further deductions on the effect of groups or atoms in 
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an organic molecule on the photopotential can be made __ tive photopotential in the beta position. Beta-naphthol 
by an examination of the above results. For example, a was slightly more photoactive than alpha-naphthol. 
hydroxyl group on a naphthy] fused ring yielded a posi- Substitution of a nitrogen atom for a ring carbon atom, 


TABLE III.—Continued. 








Compound 


Structure 


Photopotential 





————— 


Benzoin oxime 


OF 


inactive 





Benzonitrile 


* 


184 





Benzophenone 


OsSO 


478 





Butyraldehyde 


4 
H3C-C-C-C=0 
HaHa 


242 





Butyroin 


C4ahge- a. C4Hg 
0 OH 


271 





Cinnamaldehyde 


Orr 


inactive 





Crotonaldehyde 


CHsC=C-C=0 
35 


inactive 





Cyclohexanone 


HH 
y° 


80 





Desoxybenzoin 


OLS 


158 





Diacetone alcohol 


(cHIEg Fr SoNs 


inactive 





Diacetyl 


CHyg-G-CH 3 


128 





Dibenzalacetone 


OFFS FSO 


inactive 





Dibenzoylmethane 


15 





Dibenzyl ketone 


1868 





Dibenzyl ketoxime 


1448 





Dimethylglyoxime 











inactive 
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TABLE III.—Continued. 





Compound 


Structure 


Photopotential 








Ethyl acetate 


CH SE OCHS 





Ethyl benzoate 


ore 





Fufural 


43 





Glyoxal 


57 





| Heptaldehyde 


245 





Heptanone-2 


226 





Hydrocinnamaldehyde 


788 





Mesityl oxide 


inactive 





Methanol 


24 





Naphthoin (0.02 M) 





Pentene-2 


H3C- C=C-C-CH3 
HH Ho 





Toluene 








Ces 














as in 8-hydroxyquinoline, reduced the photoactivity 
slightly. Quinoline, having the nitrogen but no hydroxy] 
group, registered a slight photoactivity at a similar 
concentration. The addition of an iodine atom and a 
sulfonic acid radical to the hydroxyquinoline structure 
increased the photopotential markedly over 8-hydroxy- 
quinoline, as found with 7-iodo-8-hydroxyquinoline-5- 
sulfonic acid. 

Table II summarizes the results with organic halides. 
Methy] iodide was the most striking in photopotential 
activity and probably illustrates how other light- 
unstable organic halides might behave if given sufficient 
time. Figure 1 illustrates that pure methyl iodide before 
any photochemical decomposition can occur is photo- 
positive, but as soon as free iodine is liberated by the 
light, a negative potential is produced as described 


previously.2 This photonegative potential reached the 
outstanding value of —4100 galvanometer units which 
is approximately —0.45 volt; since one galvanometer 
unit equals about 0.11 millivolt; this is the largest ever 
obtained during the entire work. The potential after 
reaching this maximum slowly decreased because of the 
absorption of light by the iodine which is continually 
being liberated. The purpose of using the 1 percent 
solution in ethanol as indicated in Table II was to de- 
termine any change in the polarity of the photopotential 
due to dilution. Such a case of change of polarity of the 
photopotential with dilution was found with benzalde- 
hyde? and was attributed to the presence of peroxides. 
Table II also indicates that with the organic halides 
studied no distinct changes in polarity occurred 0” 
dilution as with benzaldehyde and o0-chlorobenzaldehyde, 
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and that the organic halides tend to be initially photo- 
sitive. 

The homologous iodides with molecules up to four 
carbons registered higher readings than the compounds 
with longer structures or with other halogen atoms in 
the molecule. Bromoform equimolar with ethyl alcohol 
on continued irradiation directly with the 100-watt high- 
pressure mercury-vapor lamp eventually produced 1000 
galvanometer units positive, the highest value of any 
bromide studied. The increase of the photopotential of 
bromoform from +200 to +1000 in equimolar ethanolic 
solution may be explained by the fact that halogens 
yield positive values in chloroform, as described previ- 
ously.2 The alkyl chlorides, simpler aryl chlorides, and 
fluorobenzene were found to be in general the least 
photoactive. A chlorine atom appears to be more 
photoactive than a bromine atom when meta or para to 
anitro group on a benzenoid ring. Chlorobenzaldehyde 
showed the highest value of all the chlorides studied. 

The length of the carbon chain apparently influences 
the photopotential of organic halides to some extent ; the 
photopotential decreases as the length of the chain in- 
creases. In general, the iso, secondary, and tertiary 
halides produce greater photopotentials than the normal 
halides. Aromatic halides are relatively less photoactive 
than aliphatic halides. Resonating structures tend to 
develop higher photopotential values than saturated 
and nonresonating forms. As a rule, iodides are more 
photoactive than bromides or chlorides, and bromides 
more photoactive than chlorides. The hydroxyl group 
has no effect with straight-chain or single-ring com- 
pounds unless a more strongly negative structure is also 
present. Two or three hydroxy] groups on the same ring 
fil to produce a photopotential. One hydroxyl group 
attached to a double ring does cause photoactivity 
varying with the relative position in the molecule. Salt 
formation decreases the photopotential considerably, 
probably because of ionization. Length of exposure 
varies the photopotential if a photochemical reaction is 
induced, the magnitude and polarity depending upon 
the halide, which acts as a solvent for the liberated 
halogen. 

Light absorption affects the photopotential, but there 
is no direct relationship applicable to all compounds 
since absorbed light may be converted into several other 
elects. Alcohols do not absorb the energy of the wave- 
lengths employed, hence they produced no photo- 
potential. Hydroquinone and fluorobenzene absorb the 
wavelengths utilized but show no _photopotential. 
Methyl iodide and bromobenzene absorb only slightly at 
3000-3670A but develop appreciable photopotentials. 
Methyl iodide, however, absorbs more strongly in the 
2537A region, and under the influence of the shorter 
wavelength produces much higher photopotentials. 

Methyl iodide exhibits more absorption, a greater 
photopotential, and a greater degree of photodecompo- 
sition with 2537A light than with 3650A light. This 


conclusion was verified by means of titrations with 
thiosulfate. This shows a direct relationship between 
these properties. The fact that the photopotential of 
methyl iodide varies with length of exposure indicates 
that the photopotential may be a measure of photo- 
decomposition. 

Table III shows the effect of the presence of unsatu- 
rated bonds on the photopotential using 2537A and 
ethyl alcohol. Apparently, wherever the photopotential 
of the unsaturated compound is small, the light absorp- 
tion is low, and the unsaturated carbonyl] linkage is 
conjugate to other unsaturated linkages, or a nitrogen 
atom is involved having a lone pair of electrons which 
are photoinert. Wherever the photopotential is large, 
the light absorption is relatively high, a carbonyl group 
is involved, and electronic displacement within the 
structure seems to be hampered. These factors may 
cause some enhanced association with the solvent 
molecules during irradiation, and the solute may behave 
as a sink to photoelectrons drawn from the alcoholic 
solvent. Also, wherever a large number of electrons from 
a solute molecule are projected into the alcoholic 
solvent, as with the peroxide linkage or with free halogen 
dissolved in alcohol,? a photonegative potential is ob- 
tained probably due to enhanced association. In this 
photonegative case, the solute may act as a source of 
photoelectrons. 


CONCLUSION 


The seat of the photopotential has not been definitely 
determined; it appears that the structure of the solute 
molecule in true solution is the controlling factor in the 
production of the photopotential due to some electronic 
disturbance in the molecule. The requirement that the 
solvent be polar seems to be of secondary importance 
because the potential difference between the irradiated 
and the dark volumes of the solution is apparently a 
difference in the extent of electronic excitation within 
the photoactive solute molecule. 

As mentioned in the previous papers,!” the irradiated 
volume of photoactive solute molecules can be con- 
sidered as having a space charge differing from that of 
the unirradiated volume of solute molecules, and the 
following functional relation can be derived for this 
condition: 

V =m logl+6. 


V is the photopotential or the energy required to bring a 
photoactive molecule from the dark condition to the 
charge it has when irradiated ; m and b are constants for 
a given molecule, wavelength, temperature, etc.; and J 
is the intensity of the monochromatic light beam. This 
equation also indicates that the photopotential is not 
only related to the concentration of the photoactive 
solute in solution but also can be expressed in absolute 
voltage or energy units which are independent of the 
apparatus. This will be indicated in a subsequent paper. 
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The Specific Heat of Graphite from 13° to 300°K* 
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The specific heat of high-purity Acheson graphite prepared by the National Carbon Company has been 
measured from 13° to 300°K. In the region 13° to 54°K the C, data follows a T? dependence quite accurately 
in agreement with previous experimental work and recent theoretical investigations of specific heat in 
strongly anisotropic solids. 

On the basis of some recent studies for other highly anisotropic solids, it is suggested that the specific 
heat of graphite will eventually follow a T? dependence at still lower temperatures. 

The derived thermodynamic functions, entropy, enthalpy, and free energy, have been determined by 
graphical integration and tabulated at integral values of temperature up to 300°K. The entropy of graphite at 
298.16°K is 1.372-+0.005 cal/g-atom deg, of which 0.004 is extrapolated from 13° to 0°K assuming the 
third law and the 7? dependence. 





INTRODUCTION represents the first real attempt to measure the specific 

EASUREMENTS on the specific heat of graphite heat of graphite below ordinary temperatures (25.8° to 
commenced with those of Weber! in 1875, and 92.6°K). These measurements were followed by those 
Zakrzewiski? in 1891. The room temperature values of Magnus,‘ who measured the specific heat of graphite 
deviated considerably from the predictions of the over a large temperature range (44.1° to 1100°K), and 
classical Dulong and Petit law. Nernst’s’ investigation the work of Jacobs and Parks,® whose measurements 
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SPECIFIC HEAT OF GRAPHITE 
© THIS RESEARCH 
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Fic. 1. Low-temperature specific heat of graphite compared with previous investigations. 





* Presented in part before the Proceedings of the American Physical Society Meeting, Schenectady, New York, June 14-16, 
1951; Phys. Rev. 83, 878 (1951). 

1H. F. Weber, Ann. Physik (2) 154, 367-423, 552-82 (1875). Phil. Mag. (5) 49, 161-83, 276-302 (1875). 

27. Zakrzewiski, Bull. Internat]. Acad. Sci. Cracovie, 141-8 (1891). 

3 W. Nernst, Ann. Physik 36, 395 (1911). 

4A. Magnus, Ann. Physik 70, 303 (1923). 

°C. J. Jacobs and G. S. Parks, J. Am. Chem. Soc. 56, 1513 (1934). 
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SPECIFIC HEAT OF GRAPHITE 


extended from 93.3° to 293.5°K. More recently, this 
property of graphite has been determined by Estermann 
and Kirkland,* as yet unpublished but referred to in a 
recent publication by Gurney.’ 

It was the purpose of this investigation to extend the 
measurements on the specific heat of high-purity 
Acheson graphite to temperatures lower than those 
reported earlier; and to provide more detailed informa- 
tion concerning its temperature dependence. This study 
represents a part of a general program of determining 
the thermodynamic properties of various modifications 
of carbon. Graphite was considered of particular 
interest because of anomalous specific heat variation 
with temperature which has been attributed to the 
high anisotropy of the lattice. 

Graphite has a layer-like structure. Each carbon 
atom is bonded to three other carbon atoms forming a 
framework of planar hexagonal rings. The distance 
between carbon atoms in a plane is 1.42A. The planes 
are loosely coupled together, being separated by about 
344.2 In a given plane, the atomic displacements 
perpendicular to the plane have restoring forces which 
are much weaker than for similar displacements in the 
plane. Because of this anisotropy the standard Debye 
theory should not apply and one expects an anomalous 
specific heat variation. As early as 1911, while compar- 
ing his specific heat data of graphite with the Einstein 
theory, Nernst® suggested that it is necessary to use 
two “Einstein temperatures” to describe the data 
instead of a single characteristic temperature of an iso- 
tropic lattice. One of these characteristic temperatures 
was considered to refer to the “soft”? low-temperature 
modes and the other to the “hard” high-temperature 
modes. Magnus‘ interpreted his data in terms of two 
Debye expressions, with characteristic temperatures of 
760°K and 2280°K. Tarassov” first discussed the 
applicability of a two-dimensional frequency-distribu- 
tion function to the low-temperature specific heat of 
graphite. Although his treatment led to a TJ? depend- 
ence, Tarassov did not distinguish between “soft” and 
“hard” modes, attempting to describe the data in terms 
of one characteristic temperature. 

Gurney’ has also pointed out that a two-dimensional 
frequency spectrum will predict a 7? dependence of 
the specific heat. His theory is based on particle size 
effects and thus the 7? dependence is not intrinsic to 
the graphite structure. Komatsu and Nagamiya"™ have 
developed a theory of the specific heat of graphite 
based on the assumption that the graphite structure 
may be considered equivalent to a stack of thin elastic 
plates weakly coupled together. Again a T? dependence 


*T. Estermann and G. I. Kirkland (unpublished). 

™R. W. Gurney, Phys. Rev. 88, 465 (1952). 

®*W. DeSorbo, J. Am. Chem. Soc. 75, 1825 (1953). 

*J. P. Howe, J. Am. Ceramic Soc. 35, 275 (1952). (contains 
bibliography on structure of graphite). 

”©V. V. Tarassov, Compt. rend. (U.R.S.S.) 46, 110 (1945). 

"K. Komatsu and T, Nagamiya, J. Phys. Soc. (Japan) 6, No. 
6, 438 (1951). 
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is derived and characteristic temperatures obtained for 
the stretching and bending modes of the plates. 
Recently, Krumhansl and Brooks” have extended the 
Debye theory of specific heat to elastically anisotropic 
solids and have shown that a 7? dependence of specific 
heat is an intrinsic property of the graphite type lattice. 


EXPERIMENTAL 


The high-purity Acheson graphite sample used in this 
study was obtained from the National Carbon Com- 
pany, and designated as grade CS graphite. Eighty-one 


TABLE I. Specific heat of graphite. 








Cp cal/g- 
atom deg 


0.0076 
0.0091 
0.0121 
0.0122 
0.0142 
0.0159 
0.0181 
0.0198 
0.0204 
0.0253 
0.0283 
0.0338 
0.0443 
0.0583 
0.0655 
0.0767 
0.0920 
0.116 
0.132 
0.153 
0.165 
0.186 
0.205 
0.231 
0.251 
0.278 
0.295 
0.340 
0.368 
0.412 
0.433 
0.473 
0.528 
0.567 
0.607 
0.654 
0.690 
0.742 
0.802 


Mean 
temp(°K) AT 

158.23 5.770 
163.93 5.450 
169.40 5.388 
177.55 6.102 
183.68 5.956 
189.63 5.709 
195.24 5.547 
200.81 5.367 
206.11 4.762 
211.10 5.221 
215.80 4.670 
220.40 4.545 
225.30 5.200 
230.44 5.075 
235.55 4.944 
240.48 4.824 
245.20 4.753 
249.33 4.640 
254.34 5.315 
259.69 5.188 
264.92 5.037 
269.89 4.924 
271.49 4.381 
275.53 4.301 
279.94 4.222 
282.37 3.881 
284.07 4.139 
286.99 4.074 
291.21 4.286 
293.22 3.690 
294.71 4.275 
296.95 3.621 
299 .02 4.148 
300.57 3.562 


Mean 
temp(°K) 


12.92 
13.77 
15.15 
16.06 
16.20 
17.88 
18.73 
19.93 
20.77 
22.67 
24.47 
26.29 
30.56 
33.57 
36.33 
39.36 
42.48 
49.44 
52.95 
56.48 
60.20 
64.16 
67.90 
71.49 
75.17 
78.80 
82.39 
89.52 
94.23 
100.39 
106.59 
112.49 
118.14 
123.88 
129.43 
135.19 
140.57 
146.37 
152.42 


Cp cal/g- 
atom deg 


0.841 
0.906 
0.946 
1.004 
1.035 
1.110 
1.157 
1.207 
1.243 
1.304 
1.319 
1.388 
1.398 
1.456 
1.503 
1.549 
1.587 
1.618 
1.666 
1.705 
1.768 
1.809 
1.816 
1.847 
1.886 
1.907 
1,923 
1.950 
1.991 
1.982 
1.984 
2.021 
2.043 
2.057 





5.947 








grams (6.775 gram-atoms) were placed in the calorim- 
eter. No analysis has been made on the hydrogen 
content. The granule size of the sample ranged +100, 
—10 mesh. Analysis of the specimen by x-ray showed 
the sample to be pure graphite and gave a three- 
dimensional diffraction pattern. There was slight 
broadening of the 00.L maxima corresponding to a 
crystallite size in the C direction of about 230A.f 


8) A. Krumhansl and H. Brooks, J. Chem. Phys. 21, 1663 
(1953). 

are indebted to Dr. W. L. Roth of our laboratory for this 
work, 
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Fic. 2. Log C, as a function of log T for graphite 
at low temperatures. 





The cryostat, copper calorimeter, and accessory 
apparatus used in this investigation have been used 
previously and are described elsewhere.* The accuracy 
of the measurements is about 0.1 percent above the 
liquid hydrogen temperatures and below the ice point. 
In the hydrogen region, the accuracy may be about 
2-3 percent. 


RESULTS 


The data obtained in this investigation have been 
tabulated and are presented in Table I. A plot of these 
results and those of previous investigations are pre- 
sented in the graph of Fig. 1. In Table II are listed the 
values of the thermodynamic functions obtained from 
a smooth curve of large plots of specific heats vs T and 
of specific heats vs log T with the aid of Simpson’s rule. 
These functions have been evaluated at convenient 
intervals of temperatures up to 300°K. The entropy of 
graphite, having the crystallite size reported, has a 
value of 1.372-+-0.005 cal/g-atom deg at 298.16°K. 


DISCUSSION OF THE RESULTS 
In Fig. 2 the data are presented as a plot of log C, 


log T for the temperature region below 100°K. The§ 


specific heat C, is equal to C, at these temperatures 
within the limits of the experimental errors.t The 7° 
dependence of the specific heat of graphite is verified in 
the temperature region 13° to 54°K. 

For the purpose of extrapolating entropy to absolute 
zero the TJ? dependence of the specific heat of graphite 
has been used to evaluate the entropy increment 
between 0° and 13°K. This increment amounts to 
0.004 cal/g-atom deg. In Table III the entropy values 
of graphite obtained in this research and that obtained 
earlier by Jacobs and Parks are summarized. In the 
earlier work the entropy increment between 0° and 


90°K had been obtained by using a combination off 


Nernst’s specific heat values and the Debye 7* law. 
The various theories all attempting to rationalize 


TABLE II. Thermodynamic functions of graphite based on the 
smooth curve of specific heat. 








H°—H 

( —Hi 
S° cal/g- T 
atom deg cal/g-atom 


0.0041 0.0009 
0.0056 0.0017 
0.0154 0.0055 
0.0629 0.0225 
0.1346 0.0467 
0.2275 —-J.0807 
0.3346 0.1209 
0.4563 0.1666 
0.5925 0.2192 
0.7384 0.2761 
0.8916 0.3365 
1.0510 0.3995 
1.2157 0.4658 
1.3718 0.5294 
1.3846 0.5348 


H® —H 0° 
cal/g-atom 


0.0421 
0.0592 
0.2478 
2.0226 
6.5963 
14.674 
26.714 
43.456 
65.339 
92.460 
124.895 
162.846 
206.232 
251.183 
254.946 


ar 
cal/g- 
atom deg 


0.0032 


Cp cal/g- 
atom deg 


0.0080 
0.0102 
0.0300 
0.1210 
0.2501 
0.3963 
0.5723 
0.7718 
0.9804 
1.180 
1.461 
1.629 
1.843 
2.038 
300 2.053 











this 7? dependence are mentioned in the introduction, 
and discussed in more detail by Krumhansl and 
Brooks.” Characteristic temperatures deduced from our 
data depend on which of the theories is chosen. Krum: 
hansl and Brooks have fit the experimental data for 
graphite in the temperature range from 15° to 1000°K 
by considering the lattice vibrations as being of two 
kinds (a) displacements normal to the layer planes 
(bending) with a Debye temperature of 950° and (b) 


TABLE III. Entropy of graphite at 298.16°K (cal/g-atom deg). 








This research 
—— 


0-13°K (Extrapolated) =0.00 


Jacobs and Parks 


0-90°K (Extrapolated) = 0.182 
90-298.1°K (Graphical) =1.182 13-298.16°K (Graphical) = 1.368 
S°298.16= 1.36 S268. 16 = 1.9/4 

+0.02 +0.005 











t Using formula Cp—C,=AC,2T, A=aV/C,2K, where a=2! 
X10~5/deg (see reference 11). 
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SPECIFIC HEAT OF GRAPHITE 


displacements in the planes (stretching) with a Debye 
temperature of 2500°K. 

The Krumhansl-Brooks theory indicates that the 
T? dependence may be an intrinsic property of the 
graphite lattice and predicts that at sufficiently low 
temperatures the specific heat should vary as 7°. 
Gurney’s theory, based on a particle size effect, predicts 
that the specific heat should vary as J? down to absolute 
zero. Our data does not extend to low enough temper- 
atures to decide this point. Recent studies *—'* on the 


W. DeSorbo, ‘Low temperature specific heats of chain and 
layer structures,” Eighth Conference on Cryogenics, General 
Electric Company, Schenectady, New York, October 6-7, 1952. 

4 W. DeSorbo, “The specific heat of crystalline selenium at low 
temperatures” (to be published in J. Chem. Phys.). 

6 W. DeSorbo, J. Chem. Phys. 21, 764 (1953). 

16 W. DeSorbo, “The low temperature specific heat of antimony” 


' (to be published in Acta Metall.). 
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specific heat of selenium, tellurium, and antimony 
indicate that other highly anisotropic solids which 
depart from a Debye theory at higher temperatures 
approach a 7* dependence at the lowest temperatures. 
Whether the specific heat in graphite eventually goes to 
a T* dependency must await experimental results in 
the liquid helium range. 
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Recent experiments have shown that the specific heat of graphite varies as T? instead of T* between 
15°K and 80°K. In this paper such a behavior is shown to be a consequence of the elastic anisotropy of 
graphite, and therefore an intrinsic property, rather than a particle size effect as suggested by Gurney, or a 
plate-like behavior as suggested by Komatsu and Nagamiya. The Gurney treatment is shown to be in error 
both as to the enumeration of modes, and as to the temperature range over which the particle size effect might 
be of significance. The Komatsu and Nagamiya treatment is shown to be inconsistent with elasticity theory. 
The present treatment employs a semirigorous analysis of the normal mode problem for the transverse 
vibrations, approximated for long wavelengths. It is found that experimental data from 15-1000°K can 
be well fitted by dividing the lattice vibrations into two types: (a) modes with atom displacements normal 
to the layer planes with a Debye temperature of 900°K, and (b) modes with atom displacements in the 


planes with a Debye temperature of 2500°K. 


I. 


E wish to discuss the normal modes of vibration 

of the graphite lattice. Graphite is assumed to 

have the Bernal structure shown in Fig. 1. The primi- 
tive translation vectors are chosen as 


2,:=V3/2a, a/2, 0, 
<.=0, —a, 0, 

<3=0, 0, c. 
The unit cell contains four atoms whose positions may 
be chosen, with some degree of arbitrariness, as 

A=0, 0, 0, 

B=—a/N3, 0, 0, 

C=0, 0, c/2, 

D=a/N3, 0, c/2. 


* The author is grateful to the Knolls Atomic Power Laboratory 
for the opportunity to spend the summer of 1951 there, during 
which period most of this work was completed. 


It is to be noted that A and C atoms have nearest 
neighbors in planes immediately above and below, 
whereas B and D atoms do not. On the other hand, 
whereas A and C atoms have three next nearest neigh- 
bors in adjacent planes B and D atoms have six. 

In a normal mode of vibration of the lattice the dis- 
placement 6 of a lattice atom is given by 


b.(Fi, a) = G.(o, re'Le- (r+ R)—ot J, 


where G, is the “polarization” vector a=1, 2, 3; @ is 
the wave vector; r; is the position of the ith atom in a 
unit cell; R is the position of the origin in a cell; and 
w is angular frequency of vibration. 

In the isotropic case the polarization vectors take 
three directions, one longitudinal and two transverse 
with respect to the wave vector o. However in the 
present case, since there are relatively strong restoring 
forces for x and y displacements in the planes (stretch- 
ing) but only weak forces for z displacements (bending), 
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we shall start with the reasonable approximation! that 
at low temperatures where the lowest frequency modes 
are important the polarization vector G, is a unit 
vector either in the z direction (bending) or in the xy 
plane (stretching), and that the coupling between these 
two types of displacements can be neglected. We pro- 
ceed to discuss the bending vibrations. The following 
spring constants are defined for z displacements and 
coupling between the specified atoms: 


So/3= constant between A and B atoms (near- 
est neighbors in planes), (1.3a) 


S,=constant between A and C atoms (near- 
est neighbors in adjacent planes), (1.3b) 


S2/3=constant between B and C atoms (next 
nearest neighbors in adjacent planes). (1.3c) 


It is reasonable to assume that S2<Si:<Spo. 
The frequencies w are determined from the charac- 


ar 1.42/3 a 


c 
257A 


= 0 
=f 
a. | 





Fic. 1. The lattice structure of graphite. Solid lines indicate one 
plane, dotted lines indicate a neighboring plane. 
teristic determinant 
| Fi;—mw*d;;| =0, 
where 6;; is the Kronecker delta and 
Fy= F33=Sot+2Si1+2S2, 
Pyg= Foy* = Fyq* = Fa3= —SI, 
Fo9= Fyg=So+4So. (1.5) 
Fyqg= Fo3= Fog* = F 4)* = F'39* = Fyg= —2S.1'* coso.c/2 
F\3= — 2S, coso,c/2 
with 


. ( _ @ )+2 (i a ) a 
=-| exp{ —io,— expt 70z COSd,— |, 
3 v3 . 2v3 ‘I 


1 oa oa V3 
|T?| = -( 1+4 cos*—+4 cos— coset). (1.5a) 
9 2 2 2 


In general the solutions of (1.4) are periodic in a 
1K. Lonsdale, Proc. Phys. Soc. (London) 54, 314 (1942). 


Brillouin zone (BZ) of « space defined by planes norma] 
to the vectors 


o=-+mhb,, 
where 
b,=2/av3, 0, 0, 
bs=1/av3, —1/a, 0, 
b;=1/av3, 1/a, Q, 
bs=0, 0, 1/c. (1.6) 


On the plane o,=-+7/c the roots of (1.4) are doubly 
degenerate for all o, and o,; thus w is a continuous 
function of o, across this plane and it is appropriate to 
double the height of the BZ ino space and bound it by 
oz=+27/c. This zone is shown in Fig. 2. For a general 
point in @ space, the solution of (1.4) requires the roots 
of a quartic equation in \= mw". We have not obtained 
the solution of this equation for the general case. If we 
neglect next nearest neighbor interactions then the 
roots are found to be 


c 
ma? SotSi( 1Fc0se.-) 


1. C 2 } 
-| si#( cos.) +S-°|T | | 


Cc 
mo = SotSi (15Fcoso.~) 


c\? a 
+ 52(100s0.") +svIr | ‘ (1.7) 


where the equations refer to “acoustic” and “optical” 
modes, respectively. For the lowest-frequency acoustic 
modes, oz, o, are small and 


a 


Ss 0 S 1 Cc 
w»Y~— (7+ oi+—( 1— cosex) ; (1.8) 
12m m 2 


The surfaces of constant w are surfaces of revolution 
about the o, axis in o space. For small enough frequency 
they are prolate ellipsoids with major to minor axis 
ratio [. (2/3) (So/S1) (a?/c?) }}. As frequency increases the 
constant frequency surfaces remain ellipsoidal near the 
center of the BZ, but they become crowded near the 
top and bottom of the BZ, so that they approach 
truncated ellipsoids. For frequencies less than 


251\3 
w= (—) =27n, (1.9) 


m 


the surfaces are complete. For v>v, the surfaces are 
truncated by the planes ¢,==2m/c as shown in Fig. 2. 
Thus, for y>v, the number of allowed modes in 4 
frequency range dy is less than the number going with 
the entire prolate ellipsoid. This occurs (S:«So) for 





normal 


(1.6) 


loubly 
inuous 
ate to 
1 it by 
eneral 
> roots 
tained 
Tf we 
n the 


(1.7) 


tical” 
oustic 


(1.8) 


lution 
uency 
r axis 
es the 
ir the 
r the 
roach 


(1.9) 


THEORY OF THE VIBRATIONAL 


much lower frequencies than those for which the surface 
w=const. approaches the sides of the zone, resulting 
in a calculated density of modes per unit frequency 
range dv which varies approximately as »* (the normal 
Debye result for solids) for »<»,, but as y (the result 
for a two-dimensional system) when y> 7. 

The total number of modes N (vy) in a volume Q of 
the crystal with frequency less than » is given by 


°/ (2m)? f ” antdo,=N(v), (1.10) 


On? =07+0,7, 
mu?=Si[1—cose,(c/2)], 
v>V}. 


v< Vi, 
(1.10a) 


2x/c=om, 


The result is that 


V(v)=2 


24mr vy~\2 v 
| (v-—)- _. 
Soarc 2/ ar Vy 
y? vy? t 
+—(~-1) | voy 
r\vr 


V(v)=2 


24mr vy? 
| (1.11) 


§ 9a’ 


nr} v>r}. 
2 


By differentiation the density of modes per unit fre- 
quency range p(y) is 


48mrv,2 v Le 
p(v)=Q2 —— sin“, 
Space T Vy V} 


vv 


48mrv, v 
p(v)=2 ee 


Sac Vj 


v> V1. 


For vv; we can approximate (1.12) 


48mrv,2 v* 


o(v)=2 a (1.12a) 


Sparc T vi? 

The form of p(v) vs v is shown (solid curve) in Fig. 3. 
In using these results for specific heat formulas the 
exact expressions (1.12) are impractical. We have 
approximated p(v) as follows: 


48mrrv, 2 y? 
p(v)=2 —-—=0),r’, 
Space mv? 


v<V 


48mrv, v 
p(v)=2 —=by», 
Sparc V1 


v> vo. (1.13) 


Here yp is a frequency chosen so that Ny=N(») 
agrees with the exact (1.11) for y= »,; this approximate 
form is shown also (dotted curve) in Fig. 3. Numerical 
calculation gives vp=0.97. 
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W7 w, 
W <u, 


Fic. 2. The Brillouin zone for the graphite lattice. The ellipsoid 
in (a) is a surface of constant frequency; (b) shows in cross 
section how for w>w, these ellipsoids are truncated by the surfaces 
o;>= +27/c. 


The total volume in o space of the BZ in Fig. 2 is 
322°/a’cv3. Taking both optical and acoustic modes 
doubles this. The number of modes per unit volume of ¢ 
space is 2/(27)*. The total number of modes NW (optical 
plus acoustic) is then 


Q 64% 8 
N = = Q. 
(2)' acv3  a’cv3 


The volume of the unit cell is (a’cv3/2) and there are 





(1.14) 


ew) from 1.12 


Approximation to 
eo from 1,13 


i spinors 
f 
y) 


= 
Ve Vs 


yo 
Fic. 3. The mode density for low frequencies showing 
the nature of approximation (1.13). 
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Fic. 4. Two- and three-dimensional Debye functions. 


four atoms per unit cell thus V=N4, the number of 
atoms. Since we have considered only one degree of 
freedom (z displacement) per atom this is required. 

The expressions (1.11), (1.13) are not exact for the 
higher-frequency modes, particularly the optical modes.’ 
This is only significant at high temperatures, but the 
specific heat is not sensitive to the exact form of p(y) at 
higher temperatures, so we will use the approximation 
(1.13) (two-dimensional Debye like) to replace an 
exact calculation up through the optical modes. For 
v>v,; we have 


N (v)=bo(v?/2— v?/2)+Mi, 
where from (1.11) 
N,=2 


(1.15) 


24mr v? vy 


—_ = y— 


Soc 2 + 
It follows that we may choose an “upper” Debye fre- 
quency vm such that 
Na = bo(Vm?/2— vy?/2)+M,. 
From (1.16), 


(1.16) 


(1.17) 


Nat. vn’ 
a—, (1.18) 
2N, vy 


Certain relations between the quantities discussed in 


this section are useful and these are summarized now 
(the approximation (1.13) has been used): 


8N, 
p(v)=2b\"=—r’;; 
TV, 


4N, 2(Na tM) 
p(v) a ea 


vv 


Vv; vv 


12m 
N= vy; 
Sparc 
Si 
mn? 
and vp is found from 


8 Vo 3 Vo 2 Vo 
— “) -2(~) +1=0; —=0.90. 
Vi 


3r\ vr V1 


ye= 


2 J. P. Hobson and E. Nierenberg, Phys. Rev. 89, 662 (1953). 


A physical description of these results is that the density 
of lattice vibrations per unit frequency range is like that 
of a three-dimensional system for frequencies less than 
vo but becomes that appropriate to a two-dimensional 
system for higher frequencies. The frequency vp is 
approximately that for which each plane is a rigid sheet 
but neighboring planes vibrate in the z direction in 
opposite sense. 


II. THE SPECIFIC HEAT 


The specific heat at constant volume of a system of 
oscillators is 
k f "ae 
Cy= p(v)dav, 
o (e—1)? 


where k is Boltzmann’s constant x=hv/kT, and p(y) is 
the number of oscillators in the frequency range dy. 
Using the results of the preceding section as summarized 
in (1.19) this becomes (for the bending modes only), 


(2.1) 


7 gtetdx 


(e—1}* 


8, 
cond — 


1Txy° Jo 


2 
+—(Nat+™1) 


tm xetdx 
ol 
ro (e7— 1)? 


Lent 


hyo hv; hvm 
Se, (2.2) 
kT kT kT 
and corresponding characteristic temperatures 09, 61, An. 
To discuss the variation of c, with temperature we 
divide the temperature range into three parts. 
(a) The very low-temperature range T<6 for which 
asymptotic expansion of (2.2) yields 


8 120*/T\? 
«= Nik —(—) : 
3a 15 A; 


(2.3) 


the usual Debye result but with only approximately .), 
atoms rather than all V4 being effective. 

(b) The very high-temperature range T>0,,>>6o for 
which it is readily found that 


Cy= Nak, 


which is the expected high-temperature specific heat 
of N4 atoms with one degree of freedom. 
(c) The intermediate region defined by 


X9K1KXm 


00K TKO. 
Using (1.19), we find 
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0 aber 
f dx= 7.212. (2.6) 
0 (e—1)? 


The first term of (2.5) is the contribution of the satu- 
rated very low-temperature modes; the second term 
would be the low-temperature specific heat for a two- 
dimensional system (i.e., the individual planes), and 
the third term corrects the second because the system 
is not like a two-dimensional one below 4p. 

Further reduction of (2.5) yields 


T 2 
Cy= [1440veta"D (-) =f (2.7) 


Using (1.18), Nic~}v1?/yn2N 4; in the next section we 
estimate v;/?m~0.1 corresponding to N; being only 
0.5 percent of the total number of atoms N 4. 
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Fic. 5. Apparent Debye temperature (theoretical) if a purely 
two-dimensional model Eq. (2.10a) is used instead of the three- 
dimensional Eq. (2.10). 





(d) For general values of T and for T<@ no closed 
form is available. The two-dimensional “Debye” in- 


tegral 
faly) a oe ‘ 
=— x 
7” yo (#—1) 


has therefore been computed graphically and is com- 
pared in Fig. 4 with the standard integral in specific 
heat theory, i.e., 


(2.8) 


faly) 3 f xe 
3 ao -———_dy». 
yo (e—1) 


Approximation (a) predicts a TJ? dependence of ¢y at 
very low temperatures, while (c) predicts that in an 
Intermediate range one should observe a T? dependence. 
One naturally asks whether there is a well-defined transi- 
tion from the T* to T? variation. This would occur for 


(2.9) 
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T~6. Assuming 60, the expression (2.2) can be re- 
written as approximately 


=) 
wee (80 T? 
-2()n(>)+284(-,) (2.10) 


for T<@. When (2.10) is evaluated it is found that 


the approximation 


Cv=14.4N 4k(T/O,,)? 


c= Wi 


(2.10a) 


is reasonably good down to 70.3). A more quantita- 
tive way of describing this behavior is to calculate the 
apparent Debye temperature which would be used in 
(2.10a) in order to give the value of c, found from (2.10). 
This is shown in Fig. 5. 


III. COMPARISON WITH EXPERIMENT 


Measurements of the specific heat of graphite in the 
temperature range 15—-1000°K are available.* The ob- 
served c, can be corrected to give c, but at low tempera- 
tures, the difference (cp—c,) can be neglected. The 
experimental value of c, at 1000°K is about 2.5N 4k. 
Using z displacement modes only the maximum possible 
value is Nuk. It is clear, then, that we must intro- 
duce x, y displacements as well. We have assumed that 
these can be treated in similar fashion to the z modes, 
but with different characteristic temperatures. In order 


to fit experimental data we then write 
Co=Co(T ; O02, mz) + 2¢y(T ; Pozy, Omzy) (3.1) 


and approximate by 


c-nafi(S) 2) 





—— EXPERIMENTAL 


C, (cal/gm atom-deg.) 
> 


© THEORETICAL @,7,950°K 


@mxy=2500°K 





1 1 


400 600 800 7000 
TEMPERATURE (°K) 








°5 200 


Fic. 6. Experimental and theoretical specific heat of graphite. 
Details of the fit of theory to experiment at very low temperatures 
are also given in Fig. 7. 


3 W. DeSorbo and W. W. Tyler, Phys. Rev. 83, 878 (1951), J. 
Chem. Phys. 21, 1660 (1953). 
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The best fit of the data over the range 20-1000°K is 
found using 0nz=950°, @nzy=2500°. The comparison 
with experiment is given in Fig. 6 and Table I 
the experimental data being a combination of 
that in reference! and those listed in Table I.4 

A very sensitive description of the applicability of 
the theory can be obtained by using the experimental 
data to calculate On. Taking ¢yry=2fo(@mzy/T) and 
Omzy= 2500° (to fit the high-temperature data) we can 
subtract from ¢, exp the contribution of the xy modes. 
The remainder is assigned to the z modes, and assuming 
these contribute Nukfo(@mz/T) we may calculate One 
versus temperature. The result is presented in Fig. 7. 

It will be noted that the apparent Debye temperature 
§mz Shows a minimum at about 40° but is rising rapidly 
at the lowest temperatures for which data is available. 
The latter would be consistent with our theory [see 
discussion of (2.10), (2.10a) and Fig. 5], but the 
minimum of @mz, at 40° followed by the gradual rise 
toward higher temperatures is indicative of a peak in 
the mode density of the type found in more rigorous 
treatments of the lattice vibration spectrum.® A purely 
two-dimensional calculation (for the z displacement 
modes only) used by Hobson and Nierenberg? shows 
that such peaks are present; these must almost cer- 
tainly be present in a three-dimensiona]l treatment, not 
only for the z modes, but for the xy modes as well. 
Unquestionably such considerations must be added to 
our discussion before the theory is complete in detail. 

On the other hand, to explain the lack of a pro- 
nounced low-temperature increase in 6,2, until T 
becomes as low as 15°K, we must postulate that 
Omze< approximately 60°. We thought we might justify 
this by calculating 0. from data on compressibility of 
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Fic. 7. The apparent Debye temperature for the displacement 
modes as determined experimentally. This smoothed experimental 
curve shows a dip not present in a theoretical curve of the type 
shown in-Fig. 5. 


4A. Magnus, Ann. Physik 70, 303 (1923). W. Nernst, Ann. 
Physik 36, 395 (1911). C. J. Jacobs and G. S. Parks, J. Am. Chem. 
Soc. 56, 1913 (1934). 

5E. Katz, J. Chem. Phys. 19, 488 (1951), particularly refer- 
ence 1 of his paper to work by M. Blackman, E. W. Montroll, 
W. V. Houston, and R. B. Leighton. 
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graphite,® on which both theoretical and experimental 
information is available. Because of the high stiffness 
in the planes it is justifiable to assign volume change to 
c axis change. This allows an estimate of the spring 
constant S; which enters into 0,, (1.9) and (1.19). The 
various compressibility data give 4, ranging from 85° 
to 150°, the latter being that derived from the experi- 
mental compressibility. Objections can be raised to the 
use of experimental data taken on polycrystalline 
samples at high pressures to give very quantitative 
estimates of S;, so that the lower value of 4, obtained 
from the highest theoretical estimate of compressibility 
might in fact be closer to the truth. We feel, however, 
that we cannot press the point on the basis of the data 
available but must rather be content with getting the 
right order of magnitude. Results of cy measurements 
down to liquid helium temperatures are needed to 
decide whether a T* dependence is finally reached. At 
very low temperatures a linear term due to electronic 
heat might obscure this; over the temperature range 
discussed here an estimate based on the Wallace theory’ 
showed this to be negligible. 


IV. SUMMARY AND DISCUSSION 


The treatment of the lattice vibrations given in Sec. I 
shows that because of the elastic anisotropy of graphite 
the contours of constant frequency are “cigars” in the 
wave vector @ space. The surfaces are entirely within 
the BZ for very low frequencies. For higher frequencies 
they are truncated by the top and bottom of the BZ. 
For very low frequencies the mode density varies with 
vy? as in the normal Debye theory, but for larger vy the 
mode density is linear in ». The theoretical specific 
heat varies (Sec. II) as T* and T?, respectively (for 
low temperatures), the latter being applicable in the 
range 15°-50°K. We have fitted the experimental data 
by assuming that a similar analysis applies to z and xy 
displacements; approximately 80 percent of c, comes 
from the former at low temperatures. The Debye tem- 
peratures are 0mz-~950°, Omz,-~2500°. For sufficiently 
low temperatures (<10°K ?) we expect a T* dependence 
of c, unless the temperature is so low that the linear 
electronic specific heat becomes important. 

During the preparation of the present manuscript the 
paper by Komatsu and Nagamiya® came to our atten- 
tion. They treat the xy displacements from a continuum 
approach and the Debye temperature 2440° which they 
assign to these degrees of freedom compares reasonably 
with our Omzy=2500°. The value of c, in the low-tem- 
perature range is not very sensitive to this choice. On 
the other hand their treatment of the z displacements 
assumes an array of thin elastic plates (the layer planes) 
coupled to each other. The individual planes are treated 

6P, W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 9 (1945). 
J. Basset, Compt. rend. 213, 829 (1941). R. O. Brennan, J. Chem. 
Phys. 20, 40 (1952). 

7™P. R. Wallace, Phys. Rev. 71, 622 (1947). 


— and T. Nagamiya, J. Phys. Soc. Japan 6, 438 
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by continuum elasticity theory and coupling between 
planes as for a one-dimensional system. With these 
assumptions they arrive at the frequency relation 


(4.1) 


c 
w= A (¢2+0,7)+B ( 1-— eas” ) 


to be compared with our (1.8). The resulting density 
of modes p(v) is quite different, varying with v for low 
frequencies and being constant at high frequencies. 
This frequency expression is a direct result of approxi- 
mating the bending of the layer planes by the flexural 
bending equation of an elastic plate, i.e., 


m(d6/dt?) = — DV 2,46, 


where D is flexural rigidity, 6 is z displacement. 

The usual derivation of this equation specifically 
assumes a layer of finite thickness and neglects pure 
shear modes (which is equivalent to neglecting the 
transverse stiffness So of the trigonal carbon bonds). 
This model leads to the following physical incon- 
sistencies : 

(a) The strain energy is a quadratic function of the 
strain components if we regard graphite as a homo- 
geneous anisotropic elastic solid. It follows that for 
long wavelengths w* must be a quadratic function of 
tz; Ty, Tz in agreement with (1.8) but not (4.1). 

(b) For small o the phase velocity of waves along 
the planes vanishes if one uses (4.1); this result is 
physically absurd. 

(c) Their treatment can only apply to a crystalline 
plate of many atomic plane thickness, in which case 
the specific heat should be sensitive to this thickness. 

For these reasons we do not believe their model to 
be a suitable idealization of the physical situation. 

We would also like to comment on the approach 
used by R. W. Gurney.® Certain criticisms of his treat- 
ment were brought to the authors’ attention by W. W. 
Tyler and W. DeSorbo at the time the present work was 
initiated. We summarize these: 

(a) Gurney finally includes only “transverse” waves 
along the layer planes so the problem is equivalent to a 
two-dimensional lattice with one degree of freedom per 
atom. It follows that the total number of modes associ- 
ated with displacements normal to the plane must be 
equal to the total number of atoms in the plane. 


(4.2) 


*R. W. Gurney, Phys. Rev. 88, 465 (1952). 
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TABLE I. 








Cv experimental 
cal/g atom deg 


cv theoretical 
cal/g atom deg 


0.0226 
0.102 
0.40 
1.28 
2.16 
2.90 
4.00 
4.62 
5.02 


T° Kelvin 











Despite the fact that he considers only one plane 
of atoms, the assumption of (1) of his paper auto- 
matically implies three degrees of freedom per atom, 
thus his (2) should be equated to 3N rather than 2N. 
Dividing by three to include only the waves with dis- 
placements transverse to the planes yields instead of 
his (4), cy=14.4RT?/6? which is to be compared to (2.7) 
of our paper. At high temperatures the vibrations trans- 
verse to the planes contribute only c,=2/3(N), if his 
expression (4) is used; clearly this should be VR. 

(b) A further objection is a quantitative one. Using 
the spring constant S,; which we have calculated in III 
we may estimate the temperature at which kT =hy for 
the lowest mode of oscillation for “longitudinal waves” 
perpendicular to the planes (Gurney’s 6 waves). For 
crystals 15 layers thick, this frequency would correspond 
to a temperature @:./15 (approximately) which from 
(3.5) would correspond to T-~~10°K. Above this tem- 
perature the “size effect” would not be a significant 
factor. The temperature range for which he calculates c, 
is well above 10°K, so that there should be no difficulty 
in exciting the modes of his type (b). Thus his neglect of 
these modes is not justified. Actually the estimate of 15 
layers thick is low by an order of magnitude for the 
samples used by DeSorbo and Tyler,! which are nearly 
100 layers in thickness; for these the upper limit of 
applicability of Gurney’s theory should be closer to a 
few degrees absolute. We know of no experimental work 
in which a pronounced particle thickness effect has been 
observed in the low-temperature range. 

In concluding, the authors’ would like to express 
their appreciation to many members of the staff of the 
Knolls Atomic Power Laboratory and the General 
Electric Research Laboratory, particularly to Dr. J. 
P. Howe, Dr. W. DeSorbo, and Dr. W. W. Tyler, for 
their continued interest in this work. 
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A theory was developed for computing the probability of transition, upon molecular collision, between 
vibrational states, involving corresponding conversion of translational energy. A spherically symmetric 
Lennard-Jones 6-12 potential for interaction between the colliding molecules was introduced; their relative 
translational motion was described classically. Further, the theory was symmetrized to permit inclusion of 
collisions with nonzero impact parameters. As an example, the theory was applied to the CO.—H:0 system. 
The effective collision diameter for an inelastic event was found to be of the observed order of magnitude, 
demonstrating not only the selective relaxation effect of water, but also its somewhat unusual temperature 
dependence. 

Zener’s solution of the problem for a head-on collision was generalized to three-dimensional collisions, 
assuming a spherically symmetric interaction potential; but the complete solution of this model, including 
a quantum-mechanical description of the relative translational motion, was not obtained. However, for such 
a potential it was possible to demonstrate that the semiclassical theory is an adequate approximation to the 
quantum theory result, whenever the relative translational energies are much greater than the energy of 


exchange. 





I. INTRODUCTION 


T has been found from measurements of the absorp- 
tion and dispersion of ultrasonic waves in gases! 
that it is not uncommon for several tens of thousands 
of collisions to be required for the de-excitation of cer- 
tain vibrational modes from their first excited states 
to their ground states. This de-excitation probability 
depends not only on the nature of the excited mode (its 
frequency and amplitude of vibration, etc.”) but also 
quite strongly on the chemical nature of both molecules 
which are involved in the collision. For example, if the 
interaction between the excited molecule A and another 
molecule B is of a nature similar to that which leads to 
chemical reactions, then A-B collisions will be much 
more effective in de-exciting A than will A-C collisions, 
where C is some species (perhaps another A) ‘“chemi- 
cally inert” to A. In addition to the consequent rela- 
tively large inelastic collision cross sections, “‘chemical 
reactivity” also gives rise to a temperature-dependence 
of these cross sections which is entirely different from 
that found in the case of collisions between nonreactive 
components.’ 

One of the most interesting examples of the effect of 
reactivity is found in the case of de-excitation of the 
bending mode of CO: by coilisions with H,O. At room 
temperature, about 100 such collisions suffice to pro- 
duce the transition from the first excited state to the 
ground state. When, however, HO is replaced by an- 
other CO. molecule, about 50000 collisions are re- 
quired. Furthermore, whereas this collision number de- 
creases steadily with increasing temperature in the 
case of COz—COz collisions, it shows a minimum at 


* Present address: Department of Chemistry, University of 
North Carolina. 

1 This method is discussed in a recent paper by R. A. Walker, 
J. Chem. Phys. 19, 494 (1951). 

2H. A. Bethe and E. Teller, “Deviations from thermal equi- 
— — waves,” Ballistic Research Labs. Report X-117, 
1941, p. 28. 

3 A. Eucken and L. Kiichler, Physik. Z. 39, 831 (1938), 


about 350° in the case of CO.—H,0 collisions. Piele- 
meier* ef al., have suggested that this might be due to 
the increasing importance of the symmetrical and un- 
symmetrical valence vibrations of CO: at the higher 
temperatures, i.e., they consider it possible that at the 
higher temperatures, the measured vibrational relaxa- 
tion time contains unresolved effects of other modes 
besides that of bending. 

In Secs. II, III, and IV the general theory of vibra- 
tional relaxation will be discussed, and in the light of 
the principles developed there, the CO.—H,O system 
will be treated in the fifth section. The question of the 
temperature dependence of the de-excitation prob- 
ability will receive particular attention, and it will be 
shown that the existence of a minimum in the collision 
number is entirely to be expected, and is a consequence 
of the mutual reactivity of CO. and H,O. If, then, the 
experimental effect is a real one, i.e., if Pielemeier’s 
objection does not invalidate the original interpretation 
of the data, the analysis presented in Sec. V constitutes 
a likely explanation of the phenomenon. In any case, 
it shows that “anomalous” behavior with temperature 
is to be expected whenever the interaction potential of 
the colliding molecules has an appreciable minimum at 
roughly a valence bond separation. 


II. QUANTUM-MECHANICAL AND SEMICLASSICAL 
THEORIES 


Using the method of distorted waves,’ Zener® de- 
rived the following formula} for the probability of the 
interchange of translational and internal energy during 


4 Pielemeier, Saxton, and Telfair, J. Chem. Phys. 8, 106 (1940) 
W. H. Pielemeier and W. H. Byers, J. Acoust. Soc. Am. 15, ! 
1943). 
5 N. F. Mott and H. S. W. Massey, The Theory of Atomic Col- 
lisions (Oxford University Press, London, 1949), 2nd ed., p. 14. 
6 C. Zener, Phys. Rev. 37,556 (1931). 
+ Except for a factor of 4, which Zener missed due to an over 
sight. This error was discovered and corrected by J. M. Jackson 
and N. F. Mott, Proc. Roy. Soc. (London) A137, 703 (1932). 


2 
7 


1670 





Piele- 
ue to 
d un- 
‘igher 
it the 
»]axa- 
nodes 


yibra- 
tht of 
rstem 
»f the 
prob- 
ill be 
lision 
ence 
1, the 
eier’s 
ation 
itutes 
case, 
ature 
ial of 
1m at 


ENERGY EXCHANGE 


a head-on collision: 


por(€o) = 1 (€,) (8u/h?) (€v€0)~! 


x| f R*(e,, R)Vio(R)R(eo, R)GR| . (1) 


0 


¢, and é€ are the final and initial relative translational 
energies, respectively; wu is the reduced mass of the 
colliding molecules. If — is symbolic for the totality of 
internal (vibration-rotation) coordinates of both mole- 
cules, and R is the separation of the two molecular 
centers of mass, then V,o(R) is the matrix element of 
the interaction potential, V(¢, R), taken between the 
system’s Oth and vth internal states. J (e,) is the unit step 
function; zero for e,<0 and unity for e,>0. R(e,, R) 
is that solution of 


PR/dR?+ (2u/h?)[ €n—Vnn(R) JR=0 (2) 


which satisfies 
R 
lim — 
rR-0 R 


exists (3) 


d 
_ R~sin[ (2uen)*R/h + den] (large R) (4) 


where de, is a real number (phase shift). fo,(€) is then 
the probability that in a head-on collision characterized 
by an initial relative translational energy ¢€o, the internal 
state of the system will change from the Oth to the vth. 
If Ey, E, are the corresponding energy levels, then 


e+ Ly=¢,+E£,. (5) 


If it is desired to generalize (1) to three-dimensional 
collisions, the quantity V,,,, which appears in (2), will 
depend on R, the vector separation of the two centers 
of mass. Solving (2) with any degree of exactness would 
then be virtually impossible, unless V,,(R) were re- 
placed by some sort of average potential, w(R), which 
depended on the magnitude, but not on the direction, 
of R. A function w(R), which can be expected to possess 
the most important qualitative and quantitative fea- 
tures of V,n(R), can be obtained by averaging V,.,(R) 
over all states degenerate with the mth. That the re- 
sulting function is spherically symmetric is proved in 
the appendix. 

In addition to assuming the spherical symmetry of 
these potentials, in any practical application we shall 
make no distinction between two Vnp’s that belong to 
different states. The relative translational motion will 
be taken as determined by a single potential w(R), the 
same for any internal state with which it happens to be 
associated. 

With these modifications, the extension of (1) to 
three-dimensional collisions is 


Por(€0, to) = 1 (+) {8u/[h? (€,€0)#(2lo+1) ]} 


ao ly 


lo 
ea oe 


mo=—lo ly =0 m= -—l, 


| VU" iymy lomo | . (6) 


IN MOLECULAR COLLISIONS 


where 


ow T 2r 
veimiono= fff 
0 0 0 


Xx Y* im, (8, 9) R*1,(6, R) Vio(R, 6, ¢) 


Por(€o, /o) is the probability that the transition 0-»(+0) 
will take place in a collision characterized by initial 
relative energy €» and initial relative angular momentum 
of magnitude [Jo(/>+1) ]'h; R, 6, g are the spherical 
coordinates of R; Vo is the matrix element of the inter- 
action potential V(é, R); Vi,m, is the spherical har- 
monic normalized so that 


cs 2r 
J f Y*iamn9, %)Vinmn(8, ¢) sinbdgdd=1. (8) 
0 0 


Ri, (€n, R) is that solution of 


PR/ER?+ (2u/h?)|en—w(R) 
—la(lnt+1)/2uR?JR=0 (9) 


which satisfies (3) and (4), except that in (4), 6 may 
depend on /,, as well as on €,. 
From (6) and (7), 


D1, (2b-+1) poole, by) = 20 t9(2lo+1) por (€o, to) (10) 


because Vo,=V,0*. The probability, [], associated with 
the production of a single final relative angular momen- 
tum state (/,, say) is given by an expression such as (6), 
but without the summation over l/,. This probability 
satisfies 


(21,-+1) tales (2lp+1) I (q). (11) 


l ’ Ig lo, lL 


In (10) and (11) it is assumed that e,, the translational 
energy associated with the internal state v, and €, the 
translational energy associated with the internal state 0, 
are both positive and are related by (5). Equations (10) 
and (11) are statements of the principle of detailed 
balance, given here for the probabilities per collision of 
a process and its inverse. Analogous equations relate 
the cross sections of a process and its inverse.’ 

A large number of the difficulties which are encount- 
ered in the quantum-mechanical problem are eliminated 
if one is willing to consider a purely classical description 
of the relative translational motion of the colliding 
molecules. This led Zener* to propose a semiclassical 
theory of inelastic molecular collision processes, the 
essential result of which was obtained independently a 
number of years later by Landau and Teller. The 


7H. A. Bethe, Elementary Nuclear Theory (John Wiley and Sons, 
Inc., New York, 1947), p. 61. 

8 C. Zener, Phys. Rev. 38, 277 (1931). 

9L. Landau and E. Teller, Physik. Z. Sowjetunion 10, 34 
(1936). 
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vector R, which gives the separation of the centers of 
mass of the two particles, is taken to be an explicit 
function of the time, R(é), as given by classical dy- 
namics. The interaction potential V(é, R) is then a 
known function of the time, and its effect on the in- 
ternal states of the system can be found immediately 
by a straightforward application of the first-order time- 
dependent perturbation theory : 


bo veo(E, b) = (1/h2) f Vol RW] exp(éw.t)dt] . (12) 





This is the probability per collision of producing the 
transition 0—yv in collisions characterized by initial 
relative translational energy E and impact parameter 5; 
w, is given by 

hw,= E,— Eo. (13) 


In deriving results of the time-dependent perturba- 
tion theory one requires that in the zeroth order of 
approximation, the state of the system remain unchanged 
in time. This can introduce a lack of symmetry in the 
way the initial and final states of the system enter the 
final expressions for the transition probability. Lack of 
symmetry between initial and final states is more often 
an accidental defect of a theory, than an essential 
physical property of the system. The considerations 
that lead to (12) would seem to demand that for all ¢, 
R(¢) should correspond to motion in a potential Voo(R), 
with translational energy E and impact parameter 6. 
Since this lack of symmetry appears to be artificial 
rather than essential, Zener® proposed that the theory 
be symmetrizedt by specifying that R(é) be calculated 
as though, for all /, the potential were 


+LVo0(R)+V,.(R)] 
and the total translational energy were 
3LE+ (E—hw,) }. 


Zener made no mention of using a symmetrized impact 
parameter, but this should also be done; it is especially 
simple if the symmetrized potential, w, and the matrix 
element V,o, are spherically symmetric, i.e., functions 
of R alone. For then the collision conserves the relative 
angular momentum of the colliding particles, and, if 
E, b are the initial energy and impact parameter, and 
E’, b’ are the final ones, 


E’=E—hw, 
E'b”= Eb’. 
Thus, the symmetrized impact parameter can be taken 


to be 
36{1+[E/(E—hw,) }}}. 


t After collision, the molecules recede. If, at some time during 
this recession, the velocities of both molecules were reversed in 
direction, they would collide again, the collision being, in some 
sense, the inverse of the original one. Z’ and 0’ are the energy and 
impact parameter of this inverse collision. 
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In all the work which follows it will, in fact, be as- 
sumed that w and Vy are spherically symmetric. Now 
define the origin of time, /=0, to be the time at which 
the molecules reach #, the distance of closest approach: 


R(O)=R. (14) 
Then R(t) and V,oLR(é)] are symmetric functions of f, 


and (12) can be written 
2 


po,» 0(E, b) = (1/h?) J VoL R(t) ] exp(iwt)dt} , (15) 


where 





hw= | E,—E|. (16) 


R(é) in (15) is the classical trajectory corresponding to 
motion in the potential w(R) with total translational 
energy given by the symmetrized energy €9, and impact 
parameter equal to the symmetrized impact parameter 
bo. From the preceding discussion of symmetrization, 
the initial energy £ and initial impact parameter 6 are 
related to €9 and bo by 


E= eo shw (17) 
2bo/b=1+[ (cor dhw)/ (oF thw) J', (18) 


where the top sign is used for excitation (EZ,> Ep) and 
the bottom sign for de-excitation (E,< Ep). 

Rosen and Zener,’ and later Landau and Teller,’ 
have asserted that the semiclassical theory is expected 
to be an adequate approximation to the quantum- 
mechanical theory whenever the relative translational 
energies which are involved are much greater than the 
energy exchange, fw. It will be shown here explicitly, 
for the case of spherically symmetric potentials, that 
when the translational energies are very large the two 
theories do, in fact, become identical. 

The effective radial potential [w(R)-+centrifugal 
potential ] must be such that its slope becomes infinite 
as R—0. Now consider the function 


0, R<R 
R(E, R)= 7 ‘ 
sin[ (1/h)(2uE)(R-R)], R>R 


where R is the classical turning point of the radial 
motion, and £ is the initial translational energy. For 
sufficiently large E, this function will be a good approxi- 
mation to the solution of (9), except in the immediate 
neighborhood of #; and this region where it is not a 
close approximation will be, for sufficiently large £, 
negligibly small compared to the total range of effec- 
tive interaction, i.e., compared to the total interval 
over which V,o(R) is considerable. Similarly, for all R 
except for an insignificantly small interval, 


0, R<R 

R(E—hw, R)= __ (20) 
sin[ (1/h) (2u)}(E—hw)#(R—R)], 
R>R 


10 N. Rosen and C. Zener, Phys. Rev. 40, 502 (1932). 
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ENERGY EXCHANGE 


and, since E>>hw, it is the same R which appears in 
both (19) and (20). The spherical symmetry of Vo 
implies, from (7), that only transitions with /,=J/) and 
m,= Mo can occur, and therefore the wave functions of 
(19) and (20) both refer to the same value of /. From (7), 


=) 


v= f 


R 


sin(ko(R—R)] sin[k(R—R)]Vi0(R)dR (21) 


where ko= (2uE)!/h and k= (2u)!(E—/w)'/h. This in- 
tegral can be written as the sum of two integrals by 
making use of the identity 


sin[ko(R—R) ] sin[k(R—R) ] 
= {cos (ko—k)(R—R) ]—cos[ (ko +k) (R—R) }}. 


Since E is large, and, in particular, much larger than 
hw, the quantity cos[ (ko+k) (R—) ] will oscillate many 
more times over the region of effective interaction than 
will the quantity cos|(ko—k)(R—£) ], and therefore the 
integral which contains the first of these will be neg- 
ligible compared to that which contains the second. 
Then, since E>>Aw implies (kon—k)~(u/2E)*w, (21) 


becomes 
~ 


y=} f cosl (u/2E)'w(R—-R)]Vyo(R)dR. (22) 
R 


Now define a new variable of integration, ¢, 
R=R+ (2E/u)é (23) 


and note that, for sufficiently large EZ, (23) happens to 
be the solution of 


-f 


R 


R(t) 


(u/2)#{ E—[w(r)+centrifugal potential ]}—4dr 
(24) 
everywhere except in a negligibly small neighborhood 


of R. Thus, for large E, (23) defines the classical time, 
with =0 at R=R. From (22), (23), and (24), 


U%=1(2E/y)! f ° (coswt) Vio R(t) ]dt. (25) 
From (6), 
Por = (8u/h®)LE(E—hw) 7*|0|?. 


Substituting (25) into this, and remembering that 
E>hw, it becomes 


2 


po = (4/h*) 








f ; Viol R(é) ] coswidt 


But it was seen above that ¢ can be considered the classi- 
cal time, with =0 at R=R. Therefore, because of the 
assumption of spherical symmetry, R(é) and VyoLR(é) ] 
are even functions of the time. Hence, the last equation 
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becomes 


po= (1/h?) f Val R(t) ] exp icot)dtl . 


—O 





which is precisely (15). 

It is not to be concluded that at each step of this 
derivation one arrives at a poorer approximation than 
the previous one, and that the semiclassical result is 
the poorest of all. Actually, what has been shown is 
that with energies which are so high that the classical 
motion is close to that of two colliding billiard balls, and 
the wave functionsclose to undistorted plane waves (Born 
approximation with a cutoff at the classical turning 
point), the two methods give identical results. 
The poorest approximation is Eq. (22). The quantum- 
mechanical theory allows for the effect of the potential 
on the relative translational motion by including w(R) 
in the equation which determines ®; and the semi- 
classical theory does it by requiring that w(R) be in- 
cluded in the determination of R(#). Since (22) contains 
no allowance for the effect of w(R), in the successive 
steps beyond (22) the expressions become more, rather 
than less, exact. Inelastic molecular collision probabili- 
ties prove to be quite sensitive to some of the details of 
the translational motion, and this is why, in any kind of 
perturbation theory of these processes, the effect of 
w(R) must be included in zeroth order. 

The relationship between the quantum-mechanical 
and semiclassical theories can be shown most clearly by 
considering some simple special cases. Of particular 
historical importance is the case in which all transla- 
tional motion is confined to a line (head-on collision), 
with 

w(R)=A exp(—aR) 


and with V,o(R) proportional to w(R), say 
Vo(R)=2,0A exp(—aR) 


where 2,9 is some dimensionless constant. This problem 
has been treated quantum-mechanically by Zener® 
and by Jackson and Mott," and semiclassically by 
Zener’ and by Landau and Teller.’ In the treatment of 
Jackson and Mott, it is necessary to assume (as they do 
implicitly) that A is much greater than the translational 
energies involved; if this is true, then in the boundary 
condition (3), the origin can be replaced by R= — ~~, 
and in the integral which appears in (1), the range of 
integration can be extended to — ©. Furthermore, the 
quantity 6., which appears in (4) can, in this case, 
easily be found and seen to be real. Then adapting the 
Jackson and Mott solution to (1), 


p= (1/4n2) | 0|%(02— ae)? 
Xsinhx, sinhx/(coshx,— cosh)”, 


where 
Xy=2r(2ye,)*/ha, x= 2r(2ueo)*/ha. 


J. M. Jackson and N. F. Mott, Proc. Roy. Soc. (London) 
A137, 703 (1932). 


1674 B. 


For the particular case of excitation (e,<¢€, E,> Eo), 
with w= E,— Eo, this becomes 


pom” = (1/42?) | v,0|2yo¢ sinha sinh (20?— yo?)#/ 
[coshao— cosh (xo?—-yo?)# P, (26) 
where 


Yo= Qn (2uhw) '/ha. 


The subscript QM indicates that this is the expression 
given by the quantum-mechanical theory. The condi- 
tion €9>>hw becomes, in this notation, «>>yo, and under 
this condition (26) becomes 


pom’”= (1/2) | v0 | 2x0. 


The corresponding semiclassical expression, psc*’, will 
be found without making use of symmetrization, in 
order to keep the notation simple. The effect of sym- 
metrization will become apparent later when some 
numerical results are presented. R(t) is then calculated 
assuming that for all ¢, the total relative translational 
energy is €o. All the operations which are implied in (15) 
are performed in a straightforward manner, and the 
Fourier transform which appears can be found in the 
tables of Campbell and Foster.” The final result is 


psc” = (1/161) | v0 |*yo* csch? (yo?/4ar0). 


The case considered by Zener and by Landau and 
Teller is that in which yo2>>4%0, for which (28) gives the 
usual exponential of an inverse power of ¢€. When 
%o>>yo, however, (28) reduces to (27), thus verifying 
that the quantum-mechanical and semiclassical theories 
give identical results when e)>hw. 

Another special case which is of some interest is that 
in which the potentials are spherically symmetric, and 
given by 


(27) 


(28) 


w(R)=—A/R? 
V0(R) => —v,A/R?. 


(A>0) 


Attention will here be restricted to those angular mo- 
mentum states for which 


[U(I-+1) —2wA /h®]>0, 


that is, for which the effective radial potential becomes 
+o at the origin, rather than — ©. This is done to 
secure the convergence of the semiclassical formulas, 
but it is not a necessary assumption for the quantum- 
mechanical solution of the problem. The solution of (9) 
which satisfies the boundary conditions is then 


R= — (wk,R/2)'Jp(k,R), 
where 
k,= (2ue,)*/h, p=(A+4)!, 
A=[1(/+1)—2pnA/h?]>0. 


2G. A. Campbell and R. M. Foster, “Fourier integrals for 
practical applications,” Bell Telephone System, Tech. Pub., 
Monograph B-584 (1942). 
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Now,” 
f (1/R).J (sR) J p(koR)dR=— (k,/Ro)?, 
2p\ (ko/ky)?, 
Then from (6), for the case of excitation, 


Pom” = (w°u?A?| v0 |?/h*p*) (1 —he/€0)?. 
Defining 
Ro= (2ueo)*/h, 


RyS ky 
k,> ko. 


B= (1+3)/ko, 
this can be written 


bom’’=[ (xu A*| 0,0|*)/2h? (B'eo— A) ] 
Xexp{[(2u)*/h ](Beeo— A)? log(1—hes/eo)}. (29) 


In the semiclassical calculation, only those impact 
parameters 6 which satisfy 


B’>A/eo 


will lead to convergent results, and this is the classical 
analog of the assumption made above that /(/+1) 
>2uA/h?. Assuming this condition holds, and again 
neglecting symmetrization for the moment, R(é) is 
easily found to be 


R(t)=[(2€0/u)P+b?— A/eo }}. 


The integral in (15), for the potential being used here, 
is in the tables of Campbell and Foster"; the result is 


psc” =( (rn A?| 0,0|2)/2h?(b?e9— A) ] 
Xexp{—[(2n)!/h](B«o— A) *hew/eo}. (30) 


A comparison of (29) and (30) shows that the quantity 
B, defined as (/+})/ko, is the quantum-mechanical 
analog of the classical impact parameter. In turn, this 
shows that (/+3)h, not [/(/+1) ]}A, is the analog of the 
classical angular momentum. This appears to be quite 
general, and was verified in several different connections, 
for the same 1/R? potential as was used here, by Short- 
ley.4 It follows immediately from (29) and (30) that, 
when €>/w, peu” and psc” become identical, again 
verifying the general conclusions concerning the rela- 
tion of the two theories. 

A numerical comparison of the two theories for the 
two special cases which have been discussed proves of 
interest. For the case of the exponential potential, the 
following values have been assumed: p= 10-*, w= 10", 
a=4X 108. For the case of the inverse square potential, 
the values chosen were: b=10-8, A=10-", Aw=10, 
(2u)!/h=5X10"5. The ratio pgm’/pPsc” was then cal- 
culated as a function of €/hw from (26), (28), (29), and 
(30). The results are summarized in Table I. It is seen 
from this table that even at relatively low energies the 
semiclassical theory agrees with the quantum-mechani- 
cal theory as to order of magnitude, but that exact 
agreement is obtained only at very high energies. 


8G. N. Watson, Theory of Bessel Functions (Cambridge Uni- 
versity Press, Cambridge, 1945), second edition, p. 405. 
4G. H. Shortley, Phys. Rev. 38, 120 (1931). 
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TABLE I, 








€0/hw 


7 9 10 11 12 13 14 15 16 





Ov Ov 
(exponential potential) 


bom” /psc” 
(inverse square potential) 


0.91 


0 0.05 0.21 0.36 0.48 0.57 0.64 0.72 0.75 0.77 








After dividing out common factors, pom°’/psc?” is 
of the form ggm°’/qsc’’, where now qsc°’, for either 
potential, and over the energy range considered, is an 
increasing function of the energy; for the 1/R? potential 
it is, in addition, a decreasing function of b. If symmetri- 
zation had been used in the semiclassical calculations, 
the results would have been improved, i.e., the ratio 
bom’’/psc’” would have risen much more quickly to its 
asymptotic value of unity, and the semiclassical theory 
would then have been a valid approximation over a 
larger range of energies. These considerations were re- 
stricted to the case of excitation, in which fw is the 
threshold value of €9, but qualitatively similar results 
are to be expected for de-excitation, where the threshold 
value of €) is 0. Another aspect which should be noted 
is that for the two cases considered here (though this 
appears to be quite general), the semiclassical theory 
fails to give zero probability at the threshold;!® only a 
purely quantum-mechanical theory can give correct 
results for energies in the neighborhood of the threshold. 
Furthermore, this low-energy failure of the semiclassical 
theory is not affected by symmetrization. 


Ill. STATISTICS OF SEMICLASSICAL COLLISIONS 


Experimental measurements of intermolecular energy 
exchange only provide information regarding a mean 
value of o,, where the average is over all energies and 
impact parameters, with the appropriate statistical 
weighting factors. Expressions for these statistical 
averages will now be derived for the semiclassical 
probabilities. 

Since the semiclassical theory is based on the assump- 
tion of purely classical center-of-mass motion, the ap- 
propriate statistics will be that of the kinetic theory of 
gases. The number of collisions suffered per second by a 
single hard spherical molecule of type A, with hard 
spherical molecules of type B, in which the relative 
translational energy lies between E and E+E, is'® 


5N =89°C p(u/2ekT)!(1/u2) exp(—E/kT)B°EdE (31) 


where Cg is the concentration of B-type molecules (in 

molecules/cm*), u is the reduced mass of the A-B 

system, and 3 is the collision diameter for A—B collisions. 

But this expression can be interpreted, equivalently, as 

the number of collisions suffered per second by any 

single molecule A (hard sphere or not) with molecules 
QO. Oldenberg, J. Chem. Phys. 13, 196 (1945). 


®R, H. Fowler, Statistical Mechanics (Cambridge University 
Press, Cambridge, 1929), p. 423. 


of type B (hard sphere or not), in which the relative 
translational energy lies between E and E+dE and in 
which the impact parameter is <b. The analogous ex- 
pression for the case in which the impact parameter 
lies between 6 and b+-db is then obtained by differentia- 
tion: 


d5N = 89°C 3 (u/2rkT)*(2/p?) 
X exp(—E/kT)Eb dEdb. (32) 


Consideration will now be restricted to the case of de- 
excitation, for definiteness, and the corresponding semi- 
classical probability will be called p10(E, 5), since in a 
later application of these results interest will lie in a 
transition from the first excited state of a certain vibra- 
tional mode, to its ground state. The notation is, then, 
a little different from that used previously, since here 
the subscript 0 indicates the state of lower energy, 
whereas before it represented the initial state, regard- 
less of its energy. The average probability per second 
that the transition 1-0 will take place in collisions 
between an A molecule and molecules of type B is 


rund J ° f ” puo(E, b) exp(—E/KT)EbdEdb (33) 


where 


Q=4[2n/u(kT)* }'Co. (34) 


Similarly, 
Pu=0 J po.(E, b) exp(—E/kT) Eb dEdb. (35) 
0 hw 


The “state” represented by a subscript 1 or 0 may 
actually be a collection of states each of which has very 
nearly the same energy. For example, it may. be con- 
venient to consider all the rotational states associated 
with a single vibrational state as one “state,” repre- 
sented by a single subscript ; or the “state” may actually 
be a collection of truly degenerate states. In any case, 
let gi and go (which can be thought of as degeneracies) 
be the actual number of states represented by the sub- 
scripts 1 and 0, respectively. Then if a is the average 
probability associated with the production of one of the 
Zo States in state 0, goa will be the probability associated 
with the production of the whole conglomerate state 0, 
and this goa is to be identified with pio. Now, (15) can 
be seen to lead to a principle of detailed balance very 
similar to (11), and this principle can now be written 


explicitly as 
8iPio(E, 6) = gopoi(Z’, 6’) (36) 
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Fic. 1. The potential for the translational motion. 


where £’, b’ are the energy and impact parameter 
that result from an inelastic 1-0 collision which 
started with energy EZ and impact parameter 6. By the 
conservation of energy and angular momentum, 


E’=E+hw 
E'b"?= Ep’. 


Equation (36) would not have followed from (15) if the 
theory had not been symmetrized by (17) and (18). 


This is another argument in favor of symmetrization. 
From (33), (36), end (37), 


Pio=Q (80/81) f f 


X po{E+hw, bLE/(E+hw) }}} 
Xexp(—E/kT)Eb dEdb (38) 


(37) 


= (80/1) exp(Iw/kT) f f. 


X por(x, y) exp(—4/kT)xy dxdy 
= (go/gi) exp(hw/kT) Por 


where the last line follows from the previous one by 
virtue of (35). Equation (39) can be considered the 
statement of the statistical principle of detailed balance. 
It is a well-known consequence of (39) that the relaxa- 


(39) 


My) 








Fic. 2. The effective radial potential. 
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tion time, 7, for the process is given by! 
t=1/(PoitPr). 


An effective collision diameter for the process can be 
defined as that distance 6 which is such that the total 
number of collisions of impact parameter <6 made by 
a single A molecule with molecules of type B, during 
the time 7, is 1. From this definition and from (31), 


(40) 


1 = 189°C p(u/2ekT)3(62/y?) f exp(—E/kT)EdE 
0 


=27C p62(2rkT/p)?. (41) 


Let Pz be the partial pressure of the B gas. Then 


Cga=Pp/kT 
and 
1=27rP 6?(20/ukT)}. 


If B42 is the relaxation time when Pz is one atmosphere, 
then 
b= (ukT/2r)!(2PoB.428)-3, (42) 
where 
P,=1 atmos. 


Let 
[+e] @ 


tw= f J pio(E, b) exp(— E/kT)Eb dEdb. (43) 
0 Yo 


Then from (33), (34), (39), (40), and (41), 
§=[ (27 10)#/kT JL1+ (g1/g0) exp(—hw/kT) J}. 


If iw is greater than kT, as is usually the case, (44) can 
be written, to a good approximation, 


5= (270))/kT. 


The quantity 76? is a certain average cross section for 
the de-excitation process. 


(44) 


(45) 


IV. CLASSICAL MOTION IN A SPHERICALLY 
SYMMETRIC INTERMOLECULAR POTENTIAL 


The trajectory R(t), and therefore the probability 
pio(E, b), is fairly sensitive to the structure of the 
potential w(R). It will be the purpose of the present dis- 
cussion to investigate the details of the classical motion 
in a typical intermolecular potential, with particular 
reference to the way in which the important quantity 
R (the distance of closest approach) varies with the 
collision parameters ¢) (total relative translational 
energy) and by (impact parameter). 

A typical intermolecular potential is shown in Fig. 1. 
The effective radial potential contains the centrifugal 
potential, and is therefore given by w(R)+ €0b0?/R’. 
Since w(R) invariably goes to 0 faster than 1/R? as R 
becomes large, the effective radial potential will (when 
€9~0 and b)+0) approach 0 from the positive side of 
the R-axis as R becomes large. A possible situation is 
illustrated in Fig. 2. If ¢9 or bo were so large as to obliter- 
ate the last trace of the minimum in w(R), then Vers(R) 
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might have a horizontal inflection point, or no sta- 
tionary points at all, becoming, in the latter case, a 
monotonically decreasing function of R. 

R is given by the abscissa of the intersection of the 
horizontal line at height €o, with the curve V ¢¢;(R) vs R. 
Suppose that €9 were smaller than the maximum in this 
curve. In such a case, there would be three intersections. 
R would have to be taken as the abscissa of the one 
which occurred at the largest value of R, corresponding 
to the fact that the particles, approaching from infinite 
separation, will bounce apart at the first encounter with 
the effective radial potential wall, regardless of the 
nature of the potential at smaller values of R. Now sup- 
pose that ¢9 were not smaller than, but just slightly 
greater than, the maximum in V¢4;(R). This maximum 
could now be raised above ¢€) without changing the 
latter, simply by increasing bp slightly. The correspond- 
ing R would then jump to a much higher value than it 
had before the small increase in bo. Thus, when V ¢ss(R) 
has a maximum, R is a discontinuous function of bo, 
the discontinuity occurring at some value 6,(€9) which 
depends on €». 

For the analytic presentation of these ideas, it is more 
convenient to deal with the function 


g(R)= R*L1—w(R)/e0 J 


than with Vts(R) itself. g(R) is illustrated in Fig. 3. 
R is then given by the largest of the abscissas of the 
intersections of a horizontal line at do? with the curve 
g(R) vs R. The presence of two extrema in g(R) corre- 
sponds to the case in which V¢¢(R) has a maximum. In 
such a case (see Fig. 3), R jumps discontinuously be- 
tween pi(€) and po(€), as bo? passes through the critical 
value b,?(€9). No value of & can lie between p; and po. 
The quantity 72(€9) is the zero of g(R), i.e., it is such 
that €9=w/(re); thus, re(eo) is the distance of closest 
approach in a head-on collision (b>-=0) with energy ¢. 
As by increases from 0 to b,(€9), & increases monotoni- 
cally from r2(€o) to pi(€o); as bo increases from b,(€) to 
», R increases monotonically from pe(eo) to ©. 

Let Ro be the zero of w(R). Then w(R)>0 when 
R<Ry and w(R)<0 when R>Ro. R satisfies the condi- 
tion €9(1—be?/R?) =w(R). Then the following facts are 
readily established : #< Ro and K> do, whenever bo< Ro; 
R>Ry and R<bo, whenever bo>Ry; R= Ro whenever 
b=Ro; R~bo for large by. These properties, together 
with the discussion in the preceding paragraph, afford a 
complete qualitative description of the course of a 
curve of # vs bo. This is illustrated for the case in which a 


discontinuity occurs, in Fig. 4. 


That the minimum in g(R), when it occurs, must 


correspond to a positive value of the function, can be 
seen as follows: The curve can cross the axis only when 
w(R)=,>0, and this equation (see Fig. 1) can have 
only one solution. Thus, both extrema of g(R) must lie 
on the same side of the R axis. The maximum in 
$(R) = R°[1—w(R)/eo] must occur at a larger value of 
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Fic. 3. The auxiliary function g(R). 


R than does the maximum in [1—w(R)/eo ], i-e., at a 
larger value of R than does the minimum in w(R). But 
r2(€9), which is the only zero of g(R), must occur at a 
smaller value of R than does the minimum of w(R) 
(see Fig. 1). Hence, the only zero of g(R) lies to the left 
of its maximum. Therefore, g(R) is positiye at its maxi- 
mum, and since both extrema were shown to lie on the 
same side of the R axis, it is also positive at its minimum. 

This establishes the nature of the function g(R) when 
it happens to have two extrema, and the conditions for 
the existence of these extrema will now be found. g(R) 
always goes to — ©, with infinite slope, as R-0; and 
it goes to +, with infinite slope, as R-. Hence, 
g(R) always has a point of inflection. Let po(e) be the 
abscissa of this point of inflection. Then it is clear that 
if the slope of g(R) at po is positive, g(R) will have no 
extrema; that if the slope of g(R) at po is negative, g(R) 
will be as depicted in Fig. 3; and that the transition 
case occurs when the inflection in g(R) is a horizontal 
one. Thus, the condition for the existence of extrema in 
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Fic. 4. The distance of closest approach as a function of impact 
parameter, showing the characteristic discontinuity. 
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Fic. 5. The characteristic distances, as a function of 
incident energy, for the 6-12 potential. 


g(R), i.e., the condition for a discontinuity in R vs bo, is 


g (po) < 0, 
where po(€o) is given by 
(po) =0. 


It will now be shown that dpe(€)/deo<O and 
dpi (€9)/deo)>0; in other words, as €9 increases, p2 moves 
to the left and p; to the right. Eventually, in fact, at a 
certain critical value of €, p1, and p2 will coalesce with 
po, and this will mark the transition case in which g(R) 
has a horizontal inflection; at still higher values of €, 
there will no longer be any real solution for p; and pz, 
the slope of g(R) at po will be positive, and R will have 
ceased to be a discontinuous function of dp. 

By definition of pe(eo), it must satisfy g’(p2)=0. 


Hence, 
2Leo —Ww (p2) | = pow’ (p2) . 


Then differentiating with respect to ¢9, and rearranging 
terms, 


d2 
~2= (¢0/p:) (dpx/des) | | Re -w(R)/e)| 


R=p, 
+ Lose! (on)/e.]-201—w(o)/]} 


and therefore, combining these two equations, 


a2 


—2= (€0/ps) (dp2/deo) | CR —w(R)/e0) ] 





R=p, 
= (€o/ p2) (dp2/ de) g”’ (p2) ’ 


the last line following from the definition of g(R). Now, 
by the definition of po, 


g’ (p2)>0. 
Hence, 


dp2/deg <0. 
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By definition of p:(€0), g(p1)=g(p2). Therefore 
pr’L€o —Ww (p1) | = p2’L€o —Ww (p2) ]. 


Differentiating this with respect to ¢€, and then re- 
arranging terms, 


+p 


R=p, 


d 
€0(dpi/deo) | eo —w(R)/€0) ] 


= €0(dp2/deo) 
or, more simply, 
€o(dpi/deo)g" (p1) + p1°= €0(dp2/deo)g’ (p2)+p2”. 
But g’(p2)=0, p2>pi, and g’(p:)>0. Hence, 
dp;/deo>0. 


A typical intermolecular potential is illustrated by 
the Lennard-Jones 6-12 potential: 


w(R)= al (1/R)?—2(r1/R)*]. 


The notation corresponds to that of Fig. 1. Most of the 
quantities which have so far been used in this discus- 
sion can be found explicitly when w(R) has this form. 
They are presented schematically in Fig. 5. Reference 
can be made to Figs. 1 and 3 to find the definitions of 
the quantities which are diagrammed in Fig. 5. For the 
Lennard-Jones potential, R is a discontinuous function 
of bo whenever the translational energy is less than ¢ of 
the depth of the minimum in w(R), and it is a continu- 
ous function of bo for energies which are greater than 
this. 

From the analysis which was presented here, it is 
seen that b,(€o), the critical value of bo at which the dis- 
continuity occurs (when it does occur) can be found 


from 
b.(€0) = poL1 —w(p2)/€o]! 


where, for the 6-12 Lennard-Jones potential, p2(éo) is 
given explicitly by 


po(€) =11(2/5)/L1— (1—Seo/4e:)* 6. (47) 


The réle of ¢9 thus far has been only to determine 
whether R will have a discontinuity with respect to 
bo; now the direct behavior of R as a function of € (for 
fixed by) will be deduced. 

R is a solution of the equation 


ep = w(R)+ €0b?/R?. 
Differentiating with respect to €o, 
1— be/R?= (OR/ deo) [w’ (R) —_ 2eobo?/R* 
= (OR/de0) Vers’ (R). 


V ert’ (R) is the negative of the effective radial force, and 
this force must be repulsive (i.e., positive) at the dis- 
tance of closest approach, #. Hence, 


Vere’ (R) <0 


+p?’ 


=p, 


d 
“TC R(1—w(R)/e)] 
aR R 





(46) 
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and, therefore, 
dR /dey<0 when R> bo, 
dR/de>O0 when R<bp. 


But it was seen before that R>bo when by<Ro, and 
R<bp when b)> Ro. Therefore, 


IR/de9<0 when bo< Ro, 
dR/de>0 when bo> Ro. 


These conclusions demonstrate that the effect of an 
increase in energy is always to straighten out the trajec- 
tory. When d9<Ro, the potential w(R) will be mainly 
repulsive and will try to push the particles apart (in- 
crease ft); but when ¢ is increased, this bouncing apart 
of the particles is resisted, the trajectory is made more 
nearly linear, and # decreases. Similarly, for bo> Ro, 
an increase in €) increases R, by counteracting the ten- 
dency of the attractive part of w(R) to drag the particles 
more closely together, out of their original lines of 
motion. 


V. SEMICLASSICAL THEORY OF THE SYSTEM 
CO:—H:0 


The effect of “chemical reactivity” on the magnitude 
of the de-excitation probability is not difficult to under- 
stand on physical grounds,’” but the temperature de- 
pendence to which reactivity gives rise has never been 
adequately explained. It is the purpose of this section 
to show that both the quantitative and qualitative 
aspects of the probability vs temperature curve for 
CO.—H,0 can be understood in terms of the principles 
already discussed. In particular, the semiclassical theory 
leads directly to a probability which decreases with 
increasing temperature. Such an effect must always be 
looked for in collisions between components which may 
react chemically. Its physical basis will be discussed 
now in order to make it apparent where the effect will 
manifest itself in the calculations which are presented 
later. 

In Sec. IV it was seen that with impact parameter 
b<Ro, the distance of closest approach, R, decreases 
with increasing relative translational energy E (corre- 
sponding to greater intermolecular penetration) but 
that in collisions with b> Ro, R increases with increasing 
E. It is clear that the probability of a collision being 





O=C=>0oO oO oO 
\ 4 
«a Ge” (2) 
0. re) 
40 <u HW’ 


Since HxO and CO, do not produce a stable product in 
the gas phase, for most collisions their interaction prob- 
ably goes only as far as some point intermediate be- 


ee 


" Reference 2, p. 32. 


1679 


inelastic will increase as R decreases, and therefore 


p.o(E, 6) increases with increasing E when b< Ro, 
pio(E, b) decreases with increasing E when b> Ro. 


The ultimate behavior of Pyo(7) with T will then de- 
pend upon the relative importance of low-b and high-b 
collisions. The fact that low-b collisions lead to the 
smallest R, and therefore to the highest p10, tends to 
make them more strongly represented in the final 
average P19; the fact that most collisions, however, are 
high-b collisions (see (31)) has exactly the opposite 
effect. The second of these considerations proves to be 
of greater importance than the first for the system 
CO.—H,0, so the ultimate result is that the de-excita- 
tion probability decreases with increasing relative 
translational energy. 

To calculate this effect in detail it is necessary to have 
some knowledge of the interaction potential between 
CO, and H,0, and the important features of this poten- 
tial can best be inferred from the chemistry of the 
reaction 


CO. +H:O -—-HOCOOH (carbonic acid). 


(g) (7) (soln) 


It is known that in the CO2 molecule the valence elec- 
trons are strongly concentrated in the neighborhood 
of the O atoms, and that the distribution is, in fact, so 
extreme'’ that a large contribution to the ground state 
is made by the structure 


ph 
~~ ct oF 


Furthermore, in the H,O molecule, those electrons of 
atomic oxygen which do not take part to any significant 
extent in the HOH bonding are found in orbitals which 
are, in the main, directed almost perpendicularly to the 
HOH plane, and centered at the O atom.” These lone- 
pair hybrids provide well-localized, well-directed concen- 
trations of negative charge which are inherently suited 
for the formation of donor-acceptor bonds whenever H,O 
interacts with a molecule which possesses a well-local- 
ized center of electron deficiency. 

These considerations make it probable that the reac- 
tion referred to above is of the Lewis acid-base type, 
and takes place in stages somewhat as follows: 


. O 
Oo 
aN A @) H7 YF 
I nae 
+o QO : 
H7 Ny Ny 





tween the second and third of these stages. It will be 
assumed that this extreme point is that at which the 
18 J. E. Lennard-Jones, J. Chem. Phys. 20, 1024 (1952). 


19C. A. Coulson, Valence (Oxford University Press, London, 
1952), pp. 209-210. 
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three O atoms and the C atom, in the HAO—CO, 
system, are related to each other energetically as they 
are in CO;-, and the known energetics of this ion will 
then be used to determine the interaction potential. 
Clearly, the approach to the CO;~ configuration in- 
volves the bending of the CO» molecule, and, as was 
pointed out by Eucken and Kiichler,* this is the prob- 
able explanation of the great effect that H,O has on 
the bending vibration of COs. 

The above considerations, of course, apply only to 
very special mutual orientations of the two molecules, 
viz., those in which the CO, line is parallel to the H.O 
plane, with the line between the C of CO, and the O 
of HO almost perpendicular to the H,O plane. This will 
be referred to as ‘“‘the most favorable orientation.” The 
problem will be solved assuming that the interaction 
potential is spherically symmetric and corresponds to 
that of interaction in the most favorable orientation; 
the resulting expressions for probabilities per collision 
will then be multiplied by an “orientation factor” @<1, 
to correct for the fact that only in relatively few colli- 


we 
we 


Fic. 6. Coordinates in the CO.—H,0 interaction. 


sions will the molecules be found in orientations close 
to the most favorable one. The assumption of spherical 
symmetry, modified by the factor 0, is a device to 
eliminate the necessity of considering molecular rota- 
tion and noncentral forces, as these would make the 
problem totally intractable. Any tendency of the non- 
central forces to drag the molecules into some special 
orientation during the course of the collision is being 
ignored. 

During the course of the numerical work which is 
described later, it was found that a typical collision 
time (time of effective interaction) is 10-“ sec, and it is 
so small because the potential curve for chemically 
reactive components is very steep in the neighborhood 
of the point of closest approach. At all temperatures of 
interest (<700°K) only an insignificantly small frac- 
tion of the total number of collisions will take place 
between molecules whose rotational states are such as 
to give rotation times as small as 10-" sec. Thus, it is 
meaningful to speak of the orientation at collision, and 0 
is essentially temperature-independent. 


B. WIDOM AND S. H. BAUER 


The nature of the approximation being made here is 
this: It is assumed that the probabilities one wishes to 
calculate, as a function of the relative orientation of the 
molecules at collision, have strong maxima in the neigh- 
borhood of the most favorable orientation, so that one 
can consider a certain region in relative-orientation- 
space which contains the most favorable orientation 
and which is such that for orientations within this region 
the probabilities can be considered the same as those 
associated with the most favorable orientation itself, 
and for orientations outside this region the probabilities 
are effectively zero. @ is then the fraction of the total 
volume of relative-orientation-space which is occupied 
by this “effective” region.§ It is felt on geometrical 
and physical grounds that 6 should be about 1/1000, 
and this is the value that will be used. It is to be con- 
sidered uncertain by a factor of about 10. 

The potential is now to be constructed on the as- 
sumption that, as CO. and HO approach in the most 
favorable orientation, the system will tend to take on 
the configuration of CO;-. For large values of r (Fig. 6) 
the potential as a function of ¢ is that which it would 
be in unperturbed COo,” viz. (0.57 10°/2)Poo¢’, 
where /co, is the equilibrium CO distance in COs, 
1.15A.”! The equilibrium CO distance in CO;* is reached 
when r=r;=1.31A,” and here the equilibrium value of 
¢ is 1/3. If 503, 5e4, 534 are the changes in the angles 
£213, “214, £314, respectively, then the potential 
for planar bending is * 


(0.51/2) x 10°,” (693?-+-604?-+634") 
= (0.51/2) X 10°r"[(e—2/3)?+ (1/4) (e—2/3)? 
+ (1/4) (g—2/3)?]= (3/4) (0.51X 10°)r?(e—/3). 


The potential energy, as a function of ¢, for the two ex- 
treme cases is then 


3.77XK10-"° 
6.555 X 10-? (e— 2/3)? 


For general values of r, the equilibrium value of ¢ 
should vary smoothly from 0 to 2/3 as r varies from 
to 71; also, the value of the factor which multiplies the 
square of the difference between ¢ and its equilibrium 
value should vary smoothly from 3.77X10-™ erg to 
6.555X10-" erg as r varies from © to 7;. From our 
general knowledge of the electronic structure of mole- 
cules and of intermolecular interactions, it seems safe 
to assume that the function which describes these varia- 
tions with 7 is 


(r=) 


(r=r}). 


exp[ (11-1) /ao 


§@ is then conceptually similar to the steric factor of chemical 
kinetics. It must not, however, without much more detailed 
knowledge of these systems and processes, be identified with it. 

2G. Herzberg, Infrared and Raman Spectra of Polyatomic 
— (D. Van Nostrand Company, Inc., New York, 1945), 
Pp. tio. ‘ 

21L, Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, 1945), 2nd ed., p. 195-196. 

2 Reference 21, pp. 208-209. 

23 Reference 20, p. 178. 
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where do is of the order of magnitude of the Bohr ra- 
dius; for lack of more specific information a» will be 
taken to be exactly 0.53A. Then the potential energy, 
as a function of ¢, will be 


(3.77+ (6.555-3.77) expL(11—1)/a0}} 
X {¢— (2/3) exp[(r1—1)/ao ]}?10-” 
= {0 +2 exp[(r1—1)/a0 }} 
X {e— (x/3) expl (1-1) /a0 J}? 


where 2;=3.8X10-” erg and 7.=2.8X10-" erg. This is 
only that part of the total potential which involves the 
CO.-bending variable ¢g. It includes the effect of the 
O O 
formation of the C bond on the bending of the 
O 
0 O 


. bonds, but does not include the borid energies 
themselves. These bond energies will add a potential 
f(r) which is a function of r alone, as yet unspecified 
except that it must go to 0 for large r. The total poten- 
tial, as a function of r and g, is then 


f(t) {21+ 02 expL(1—1)/a0 }} 
X { e— (x/3) expL (1-1) /a0 ]}?. 


But part of this potential, viz., 11¢°, was present in the 
unperturbed CO, molecule. Subtracting this from the 
total potential, one obtains the perturbation as a func- 
tion of r and g; 7 is the distance between the C atom 
and the O of H.O, but because of the small mass of the 
H atoms, r can be replaced by R, the distance between 
the centers of mass of the two molecules. The perturba- 
tion is then 


V=f(R)+{01+0» exp[(r1—R)/a0]} 
X { (2/9) exp[2(1—R)/a0] 
— (2/3) expl(ri— R)/a0 ] 9} 
+22 exp (r1— R)/ao Je’. 


For large R, of course, this quantity vanishes. 

To proceed with the semiclassical calculation it is 
necessary to know the matrix elements Vio(R) and 
w(R)=3[Vo0(R)+Vir(R)]. Vio can be found without 
knowing {(R) because the term involving this quantity 
will vanish by virtue of the orthogonality of the two 
different vibrational states. To find w, on the other hand, 
it would in principle be necessary to know f. In this 
case, however, one has a much better estimate of the 
nature of w than of f, so w will be specified, not calcu- 
lated. {(R) can then be considered to be that function 
of R which would make 3[Voo(R)+Vi1(R)] equal to 
the “known” function w(R). 

w(R) is the potential which determines the relative 
translational motion of CO:.—H,O in the most favor- 
able orientation, and judging from the properties of 


(48) 
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known chemical bonds, it will be of the form given in 
Fig. 1. With the assumption that in the most favorable 
orientation the system tends toward the CO; configura- 
tion, one concludes that the potential minimum occurs 
at r,=1.31A, the equilibrium CO distance in CO;-. 
The depth of the minimum, «,, can be guessed at as 
follows: In the case of strong chemical bonds, typical 
potential minima are about 3-10 ev deep; van der 
Waals minima are about 0.001-0.02 ev deep. It is then 
not unreasonable to assume that the depth of the 
minimum corresponding to a weak chemical bond will 
be a few tenths of an ev. e; will be taken to be about 
tev (8 kcal/mole). If €: were significantly greater than 
this, it would be difficult to understand the inherent 
instability of the HsCO; molecule and the failure of 
H,O and CO; to react in the gas phase; if it were sig- 
nificantly less, the reaction in the liquid phase would be 
hard to explain. The assumed value of €; is perhaps un- 
certain by 4 kcal/mole (50 percent). w(R) will now be 
taken to be a 6-12 Lennard-Jones potential with the 
assigned values of 7; and «: 


w(R)=e[_(r,/R)’—2 (r1/R)°]. (49) 


The matrix element V3) can be found as follows: The 
kinetic energy associated with the CO: bending is 


sucol’?* 


where 


Uco, = (1/2)momc/(2mo+mc) 

(mo, Mc= masses of O, C atoms, respectively). 
The potential energy is 

(1/2) (0.57 10°) P¢’. 

Since the wave function falls off rapidly for large ¢, 
one can take (—«, ©) as the range of the variable. 
Thus, if «,(«) is the normalized wave function for the 
nth state of a simple harmonic oscillator of mass coo, 
force constant 0.5710°, and variable coordinate x, 


then the wave function for CO, bending, normalized 
with respect to ¢ in the interval (— ©, ©), is 


V,(¢)=l'u,(l¢), (50) 
and the energy levels are given by E,= (n+ })hw, with 
w=[0.57 X 10°/pcoe }}. 
Then from (48) and (50), 
Vo(R) = —A exp[_(71—R)/ao | 
X {v1-+02 expl (ri— R)/a0 J} 


A= (2$/31) (0.57 xX 10° uco2/h?)-! 
=0.1953. 


(51) 


where 


For a collision involving symmetrized incident rela- 
tive energy ¢) and symmetrized impact parameter do, 
the effective radial potential is 


V ots(R) =w(R)+ eobe?/R?. (52) 
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The distance of closest approach, R, is given by the 
largest solution of ¥ 
Vet (R) = €0. (53) 


Let 
do= —Verr'(R) (effective radial force at R=R) (54) 


and 


vo= Vert’ (R). (55) 


Then the expression 


€o— ($0?/o) {1— exp (R—R)o/0]} 


is a monotonically decreasing function of R which ap- 
proaches a definite lower limit asymptotically, and 
which, at R=, has the same value, the same ist 
derivative, and the same 2nd derivative, as the function 
Verr(R). It was found numerically that in a typical 
collision the interval near R over which interaction is 
effective is so small, that over this entire interval 


TABLE II. 








1 2 3 4 
0.169 0.166 0.155 0.141 0.118 0.080 


5.55 


in A 0 0.689 1.38 2.07 2.75 3.58 


pio =—-0.177 0.175 0.157 0.137 0.102 0.055 


E=0.03375 X 10-” 


0 0.616 1.23 1.85 2.47 


0.185 0.187 0.163 0.132 0.085 0.025 


3.01 
E=0.08375 X 10-" 


O 0.585 1.17 1.76 2.34 2.73 


pio =—-0.199 0.193 0.170 0.125 0.057 0.010 


E=0.13375 X 10-” 








V ¢(R) and the expression above are completely indis- 
tinguishable.|| Hence, to a very good approximation, 


V ett(R) = €o— (0°/Wo) {1—exp[ (R—R)Yo/d0]}. 


The classical trajectory for all the important values of 
t is then given by 


R(t)=R+ (2¢0/Wo) log{ cosh (Wo/2u) 1} 


where yu is the reduced mass of the CO.—H,O system. 
The probability of de-excitation in a collision of energy 
E and impact parameter b, of which the symmetrized 
values are €) and Oo, is 


pi (E, b)=0|1|?/h? 


|| For example, when ¢97=0.05X10-” erg and b)=0.5A, the ap- 
proximate expression for Ver¢(R) is extremely accurate in the 
range R <R<1.2A, i.e., in the time range 0<|t] <0.05X10~ sec. 
Furthermore, the contribution to the total integral J (defined be- 
— comes from © >|?|>0.05X10— is completely neg- 
igible. 


(56) 
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where, from (51) and (56), and from the table of Camp- 


bell and Foster,” 


=f ” VulR()] exp (iel)at 


= —A exp[(ri—R)/ao](28/4ary) {01 |T (21) |2/P°'(8) 


+0228 expL (r,—R)/ao] T'(22) | wii (26)} 
with 


B=260/amo, y= (1/2) (Wo/2u)', 21 =B/2+iw/4ay, 


So2=B+iw/4ry. 


The quantities R, ¢o, Wo are functions of € and bo (and 
therefore of E, b) and are given through the Eqs. (49), 
(52), (53), (54), (55). The values of the constants which 
appear have been collected below: 


ri=1.3X10-8 cm (2/u)?=3.06X 10" g-? 
€6:=0.5X10-” erg A=0.1953 
1;=3.8X10-” erg ao=0.53X 10-8 cm 
vo=2.8X10-" erg w= 1.258X 10" sec". 
é=0.001 


Values of the I' function for real and complex arguments 
are found in Davis’ tables.” 

R was found graphically from (53) for several values 
of €9 and bo; the other quantities, once # was known, 
were found directly from their defining equations. This 
gave pio as a function of €9 and bo, and it was then found 
as a function of E and 6 by applying (17) and (18). 
The results are given in Table IT. In Sec. IV it was seen 
that if e9<(4/5)e, then R has a discontinuity with 
respect to bo. Now, $4.=4X10-" erg, so that if one con- 
siders only temperatures below 700°K, all the signif- 
cant values of E will be such that the corresponding 
values of €) are less than (4/5)e;. All the values of E 
used in Table II satisfy this condition; hence, for each 
E in the table, R is a discontinuous function of bo, and 
therefore of 6. For a given E, the largest value of b 
entered in the table is this critical value, i.e., the value 
of 6 at which F& has a discontinuity. These critical } 
values were obtained by the symmetrization equations 
from the critical b) values, and these, in turn, were ob- 
tained from formulas (46) and (47). _ 

For all the entries in the table, the & values lie within 
0.13A of each other, in spite of the relatively large range 
of by values. The reason for this is that the inter- 
molecular potential, either by repulsion when bo< 
or by attraction when bp> Ro, prevents R from deviating 
very much from Rp. pio, as can be seen from Table II, 
is nevertheless a fairly rapidly decreasing function of }, 
showing then that 19 must indeed be an extraordinarily 
rapidly decreasing function of R. Now, when R makes 
its discontinuous jump at the critical value of 6, It 


*H. T. Davis, Tables of the Higher Mathematical Functions 
(Principia, Bloomington, 1933), vol. 1. 
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changes by about an angstrom unit or more, rather than 
by tenths of an angstrom unit. Consequently, when 0 
increases beyond the critical value, p19 becomes totally 
negligible. 

To find the average effective collision diameter for the 
de-excitation process, it is seen from (45) that one needs 
the value of the integral 


rw= f f pw(E, b) exp(— E/kT)Eb dEdb. 
0 0 


From the preceding discussion it is known that for 
T<700° this can, with great accuracy, be replaced by 


«© bc(E) 
ro= f f pw (E, b) exp(— E/kT)Eb dbdE 
0 0 


where b.(£) is the critical value of 6 at energy E. If 
one lets c= 0", then 


bc? (BE) 
Ti0=3 f f pio exp(— E/kT) EdodE. 
0 “0 


Now, for each E in Table II, it was found that p10 is 
almost exactly a linear function of o over the entire 
range OC c<b2(£). This linearity permits immediate 
integration over o, and one obtains for J(£), where 


the values in Table III. One next observes that for the 
range of E in this table, J~ is very nearly a linear func- 
tion of Z. For T<700°, one can just as well assume that 
this linear relation holds over the entire infinite range of 
E, and then the integral 


Ti0=3 f J(E) exp(— E/kT)EdE 


can be evaluated. The final expression for the effective 
collision diameter is then obtained from (45) and is 


5= 1.944 10-8D}(p) (57) 
where 


p=44.1/T (58) 


and 


D(p)= p?+ (44/2) (expp*) (p— 29%) (1—erf 9). 


The expression (57) is indeed a monotonically decreas- 
ing function of T,, as was anticipated in the introduction 
to this section. 

Experimental values of 6 for the system considered 
here are obtained immediately by applying (42) to 


(59) 


TABLE ITI. 








E 0 0.03375 X10-" 0.08375 X10-" 0.13375 10-" 


J(E) 3.79X10~* 1.49X10"* = =0.99K10"*  ~=—0.78K 10-6 








the relaxation-time data of Eucken and Niimann.”* In 
Table IV, these are compared with the values predicted 
by (57). The first column of the table gives the tem- 
perature; the second column gives the total number of 
measurements, V, made at that temperature; the third 
gives the total spread of the experimental results, and 
this, together with NV, is a measure of the experimental 
precision; and the fourth and fifth columns give the 
experimental (average) and theoretical 6 values, re- 
spectively. 

The most striking, though entirely expected, feature 
of these results is the failure of the theoretical 6 values 
to fall at low T. This is but another instance of the low- 
energy failure of the semiclassical theory, two examples 
of which were seen in Sec. II. This failure is in no way 
eliminated by symmetrization. By the microscopic 
principle of detailed balance, the de-excitation prob- 
ability in a collision must be proportional to the excita- 
tion probability in the inverse collision. Since by energy 
conservation and by continuity, molecular excitation 
probabilities must be 0 at the threshold," it follows that 
de-excitation probabilities must be 0 for zero relative 
energy of the colliding particles. A complete quantum- 
mechanical theory would then have given a 6 which 
increased from 0 at T=O, and, as the semiclassical 
results indicate, this 6 would again have fallen as one 
approached energies in the range of validity of the semi- 
classical theory. The observed maximum occurs at 
about 350°K, and this corresponds to an average energy 
of 0.5X10-%, or about (1/3)dw. Thus, the observed 
maximum does indeed lie in the transition interval 
between that region in which the semiclassical theory 
is expected to be correct (E>>hw) and that in which it 
is known to fail (E<hw). 

In order to see the extent to which these results de- 
pend on some of the assumptions which have been made, 
the calculations were repeated with several changes, as 
tabulated below. The quantities ao, €1, and r; were taken 
as the parameters to be varied. The curves of Fig. 7 


TABLE IV. 








Aéexp in-A dexp in A én in A 





200 
294 0.05 
352 0.04 


688 0.15 


0.43 
0.52 
0.40 
0.26 








25 A. Eucken and E. Niimann, Z. physik. Chem. B36, 163 (1937). 
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Fic. 7. The effective collision diameter. Curves (1) to (5) are 
for various values of the parameters; curve (6) is the modified 
calculation (see text); (X) is experimental. 


correspond to the cases 
(1) a=0.53A, e=05X10-% erg, 1=1.3A 
(2) ao=0.70A, «1 =0.5X10-" erg, m=1.3A 
(3) a@o=1.00A, e=0.75X10-" erg, 71=1.3A 
(4) ap=1.00A, «=05X10-" erg, m1=1.45A 
(5) ao=1.00A, «1 =0.5X10-" erg, m1=1.3A 


(X) experimental, with estimated error given by 
dashed vertical segments. 


The curve (6) was obtained as follows: The total 
potential, as a function of r and ¢, had been taken as 


f(r) + {01+ 22 expl(—1)/ao]} 
X {¢— (4/3) expL (11-1) /a0 ]}?, 


and this led to (51). The leading term in Vi9(R) at 
small R was then proportional to exp[2(71:—R)/ao | in- 
stead of to exp[.(r1:—R)/ao ]. It can be argued that it 
would then have been more appropriate to use some 
average constant, vs, in place of {7;-++72 exp[_(71—1r)/ao ]}. 
The most reasonable value for v3 is 5.16X10-", this 
being the average of 6.555X10-” and 3.77X10~". In 
this scheme, then, the calculation is the same as before, 
only the term in 2 is discarded, and 2; is replaced by 73. 
If, in addition, one chooses a>=0.70A, ¢:=0.5X10-" 
erg, 7;=1.3A, then the curve (6) is obtained. 


VI. CONCLUDING REMARKS 


In the model we have chosen to investigate for the 
CO:—H,0 system all collisions which may occur in a 
classical kinetic theory gas were considered. To make 
the problem tractable we were forced to postulate a 
spherically symmetric interaction potential, and conse- 
quently had to introduce the arbitrary parameter @, 
which is qualitatively a “steric factor.” The magnitude 
of 10-* assigned to it is reasonable for an acid-base gas 
reaction. The behavior with @ and with the v’s can be 
seen quite easily. Let S be the slope of the curve (Fig. 7) 
at any point. 6 and S are proportional to 6}. They are 
almost proportional to v2 and almost independent of 1, 
since the term in 7 is the leading term. In the one-term 
approximation, as illustrated by curve (6), 6 and S are 
proportional to 23. 

Between 350° and 700°, the indicated variations of 
the parameters changed the magnitude and slope by a 
factor of about 3. The experimental curve lies at the 
bottom of the range in magnitude. Its slope may be 
somewhat greater, although one could force a match 
within the experimental error by judiciously selecting 
extremes for the probable values of the data. 

The nature of the results is determined by the 
potential energy functions w(R) and Vi9(R), and sepa- 
rate and distinct approximations can be used to obtain 
each one. For example, a different value of 7; can be 
chosen for each. 6 is very sensitive to the values and 
slopes of these functions at the point R. Much larger 
variations could then have been achieved by varying 
the parameters in such a way as to change these four 
quantities (values and slopes of the two functions at R) 
one at a time. 

For purposes of comparison we wish to call attention 
to an extension of Zener’s one-dimensional model which 
appeared recently.** This study accounts for the high 
de-excitation probabilities induced by some impurities 
either because of their low masses or by “near reso- 
nance” energy transfers. However, the effects observed 
in gas mixtures for which the interaction potential be- 
tween the components has a deep minimum at 4 
“bonding” distance, cannot be treated by the method 
of Schwartz, Slawsky, and Herzfeld, since a sufficiently 
simple solution of the Schrédinger equation for the 
motion of a massive particle in such a potential is not 
available. 


APPENDIX 


Let £ be symbolic for the totality of vibrational and 
rotational coordinates of both molecules, and let dé be 
the element of volume in this vibration-rotation space. 

Let {¥ar(¢)}, M=1, ---,G, be the G orthonormal, 
degenerate wave functions belonging to a given vibra- 
tion-rotation energy of the pair of molecules. 

Let V(é, R) be the interaction potential between the 


2 Schwartz, Slawsky, and Herzfeld, J. Chem. Phys. 20, 1591 
(1952). 
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two molecules, where R is the separation of their centers 
of mass. 
Consider 


V ear(R)= f vu*(2)V(E, Rya(é)de 
and 
G 
w= (1/G) >a V wom (R). 


It will be shown that w is independent of the direction 
of R. 

The rotation variables of the system are measured 
with respect to a certain space-fixed set of axes, I, J, K. 
Let a, 8 be the polar and azimuthal angles of R in this 
coordinate system. 

Now consider a second set of coordinates axes, I’, 
J', K’, which is rotated with respect to the first, and in 
which J’ lies along R. Let ¢’ be symbolic for the vibra- 
tion-rotation coordinates of the molecules in this system 
of axes. The coordinates & are functions of ¢’ and of a 
and 8. In the above, integral which defines V a(R), 
change the variables of integration from é to #’. Then 


dt=d¢! 


because the one set of variables is derived from the 
other by a rotation of the coordinate system. Further- 
more, writing R explicitly as R, a, B, 


V(é, R, a, B)=V(e, R, 2/2, 2/2) 


since V is invariant to a change of coordinates, and J’ 
was defined to lie along R. Then 


Virw(R)= f Yu*(QV(e, R, 4/2, x/2Wu(Ode’, 


with the limits of the integration the same as when £ 
was the integration variable. 

Now, the rotation (S, say) which takes I’, J’, K’ 
into I, J, K must be a member of the group of the 
Schrédinger equation for yu(é’), since S is merely an 
external rotation of axes. Therefore,’ 


vul()= . Dau (SW,(E)). 


The rotation S depends on a and 8, and so does the 
matrix D(S). D(S) is unitary”® since S is an orthogonal 
transformation and the eigenfunctions y,(é’), for differ- 
ent u, were specified to be orthogonal. 

ey Wigner, Gruppentheorie (Vieweg, Braunschweig, 1931), 


p. 116. 
* Reference 27, p. 119. 


Substituting this last expression into the equation for 
Vum(R), 


Vauem(R)=D, Dw Dum*(S)Dy u(S) 
x f V*(L)V (8, R, 0/2, #/2wr (EAE 


= Dou Dw Duu*(S)Dy u(S) uu (R) 
where the matrix v(R) is defined by 


tow (R)= f V.*(E)V (&, R, 2/2, @/2y (db. 


Thus, the dependence of Vz(R) on the angles a, 6 
has been removed from V itself and put, instead, into 
the elements of the transformation matrix D(S). 

Now, since D(S) is unitary, 


Dyu*(S)=Dauy"(S) 
and therefore 


Vem (R)=Dou Dew Duy (S)Dy a(S) 0p (R) 
=[D(S)v(R)D(S) Jar. 
Then 
w= (1/G)> uw Vum(R) 
= (1/G) trace [D—(S)v(R)D(S) ] 
= (1/G) trace v(R). 


Thus, w=w(R) is independent of a and £, as was to be 
shown. 

This result can be readily interpreted physically. 
Imagine the case in which there is no coupling between 
the vibrational and rotational motions of the molecules, 
and in which the degeneracy arises only from the 
spatial degeneracy of the rotational states. Vwa(R) 
is the expectation value, over all £, of the potential 
V(é, R). The latter quantity depends only on the 
relative orientation of the two molecules, and every 
possible relative orientation is reached as ~ (for any 
fixed R) varies over the entire space to which it has 
access. Hence, if in the averaging process that defines 
V wm(R), equal weight were given to every region of 
£ space, the average would certainly be independent of 
the direction of R. But since the rotational states are 
degenerate, the weighting function yy*(t)yu(é) gives 
preference to a certain unique orientation of the mole- 
cules, this unique orientation depending on the direc- 
tion of R. When the average over M is taken, in de- 
fining w, this uniqueness is destroyed, all orientations 
are again given equal weight, and the average is again 
independent of the direction of R. 
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The Preparation of Chromium-51 of High Specific Activity* 


GARMAN Harsortte, Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, New York 


AND 
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(Received July 1, 1953) 


A procedure is given whereby chromium-51 of high specific activity may be separated from pile-bom- 


barded potassium chromate. 





INTRODUCTION 


N this paper we wish to describe a method for the 
preparation of chromium-51 of high specific activity. 
Chromium-51 is a K-capturing isotope of 26 days half- 
life. It emits vanadium K x-rays (energy about 5 kev) 
and gamma rays, the latter occurring in about 8 percent 
of the transitions and having an energy of 325 kev. It is 
formed by radiative neutron capture in chromium-50 
with an isotopic cross section of 16 barns. However, 
Cr is present in natural chromium to the extent of only 
4.4 percent.! 

The method which we employed utilizes the Szilard- 
Chalmers reaction? in potassium chromate, and the 
active chromium is separated in the trivalent form. 
Reagent grade material was used without further puri- 
fication, and contained about 5 parts per million of 
trivalent chromium, determined on blank samples 
treated in the same way as the active material. The salt, 
wrapped in aluminum foil, was bombarded in the 
Brookhaven nuclear reactor in the water-cooled ir- 
radiation hole. At the bombardment site the thermal 
neutron flux was 3.5 10” neutrons per square centime- 
ter per second, and the temperature 32+3°C. Prelimi- 
nary bombardments, which demonstrated the feasibility 
of the method and established some of the factors 
governing the yield, were carried out in the Harwell 
Reactor of the Atomic Energy Research Establishment 
of England. These bombardments were made at a flux of 
about 3.5 10" neutrons/cm? sec and 37°C, and the salt 
was sealed in silica ampoules in vacuum. 


PROCEDURE FOR THE SEPARATION OF 
ENRICHED CHROMIUM-S51 


The 12.4-hour potassium-42 activity in the bom- 
barded salt was allowed to decay for about a week, and 
then the irradiated material was dissolved in approxi- 


* A portion of this work was performed under the auspices of the 
U. S. Atomic Energy Commission. 

1 (a) “Nuclear Data” published by National Bureau of Stand- 
ards (1950). (b) W. S. Lyon, Phys. Rev. 87, 1126 (1952). 

2 (a) The Szilard-Chalmers method and its applications are re- 
viewed by G. Friedlander and J. W. Kennedy, Introduction to 
Radiochemistry (John Wiley and Sons, Inc., New York, 1949), p. 
252, and Radioactivity Applied to Chemistry, edited by A. C. Wahl 
and N. A. Bonner (John Wiley and Sons, Inc., New York, 1951), 
3 245 ff. (b) A method similar to ours has been described by 

ahn, Freedman, and Bryant, AECU 2329, Nuclear Science 
Abstracts 7, 1089 (February, 1953). (c) A. G. Maddock and J. 
Green, Nature 164, 788 (1949). 


mately one normal sulfuric acid ; 100 ml of acid was used 
per 10 grams of salt. Twenty milligrams of aluminum 
carrier was added (as aluminum nitrate). Aluminum 
hydroxide, which carries trivalent chromium, was pre- 
cipitated by the addition of concentrated ammonium 
hydroxide, centrifuged down and washed four times by 
centrifugation with water containing a trace of ammonia. 
The aluminum hydroxide was then dissolved in about F 
10 ml of 2N sulfuric acid, the solution diluted three 
times, and the aluminum hydroxide reprecipitated with 
ammonia and washed once with water. This cycle of 
reprecipitation was repeated a total of four times and 
served to free the precipitate completely of hexavalent 
chromium. An additional ten milligrams of aluminum 
was added after the second reprecipitation. 

Finally, the aluminum hydroxide was dissolved ina 
caustic solution prepared by the addition of five or six 
pellets of sodium hydroxide to ten milliliters of water 
and the solution oxidized by the addition of about 100 


mg of sodium peroxide. The peroxide was destroyed by F , 


warming on a hot water bath. The solution now con- 
tained only aluminum, chromium (as chromate), and 
sodium hydroxide, and the chromium was estimated 
colorimetrically by the use of the absorption band 
shown by chromate in basic solution at 366 my (molar 
extinction coefficient e=4670). Aluminum does not 
interfere in this determination. If it is desired to obtain 
the chromium free of aluminum, the solution may be 
adjusted to pH 2.5 and lead chromate precipitated and 
centrifuged out. 


DETERMINATION OF ABSOLUTE DISINTEGRATION 
RATE OF CHROMIUMS-51 


Aliquot portions of solutions containing the enriched 
Cr®! were evaporated on foils, and the emitted x-rays 
were counted in a proportional counter of know! 
geometry. The counter was filled with two atmospheres 
of argon and 0.2 atmosphere of methane, and was 
operated at 2900 volts. The counter tube was of such 
dimensions that all x-rays passing the window were 
absorbed. The pulses from the counter were amplified 
and analyzed by a sliding-channel pulse-height analyze! 
of Oak Ridge design, constructed by the Brookhaven 
Electronics Division. The x-ray counting rate was 
obtained by numerically summing the area under the 
x-ray peak, and this figure was corrected for geometry; 


1686 





as used 


minum § 


minum 
as pre- 
10nium 
mes by 
monia. 


1 about & 


1 three 
ed with 
ycle of 
les and 
avalent 
minum 


ed ina 
2 or sik 
f water 
rut 100 
yed by 
Ww COn- 
e), and 
imated 
1 band 
(molar 
es not 
obtain 
nay be 
ed and 


ATION 


nriched 
x-rays 
known 
spheres 
1d was 
of such 
w were 
nplified 
nalyzet 
k haven 
te was 
der the 
ymetry; 


PREPARATION OF CHROMIUM-S1 


absorption by air, and absorption by the beryllium 
window of the counter. The disintegration rate was 
obtained by an additional correction for the fluorescence 
yield.’ 

EXPERIMENTAL RESULTS 


Two bombardments were made in which the above 
procedure was followed. The treatment of the samples 


' differed only in that for the first bombardment nitric 


acid replaced sulfuric acid throughout. Subsequent ex- 
periments showed that, in artificial mixtures of trivalent 
chromium with potassium chromate, the former was 
completely recovered with either acid. Detailed experi- 
mental results are shown in Table I. 


FACTORS INFLUENCING THE YIELD AND 
SPECIFIC ACTIVITY 


It was observed in the series of bombardments carried 
out at Harwell that the percentage of activity separable 
decreased with increasing bombardment time. It is thus 
apparent that there is an optimum bombardment time 
and that for long times the specific activity will be 
reduced both by increasing decomposition of the sample 
and by the radiation backreaction or recombination.‘ 


' Bombardments of one to three days at a flux of 3.5 10” 


neutrons/cm? sec are satisfactory, and longer bombard- 


|} ments could probably be made at lower fluxes. 


It had been noticed earlier by Maddock and Green” 
that a thermal recombination resulting in decreasing 
yield begins to take place at approximately 100°C.° In 
one of our experiments, a sample of potassium chromate 


_ was bombarded in the Brookhaven reactor for one day 


‘Broyles, Thomas, and Haynes, Phys. Rev. 89, 715 (1953). 

‘The radiation-recombination effect has been noted in other 
systems by (a) Boyd, Cobble, and Wexler, J. Am. Chem. Soc. 74, 
237 (1952); (b) J. W. Cobble and G. Boyd, ORNL 1117 (March 
17, 1952); (c) R. R. Williams, J. Phys. and Colloid Chem. 52, 603 
(1948) ; (d) Cleary, Hamill, and Williams, J. Am. Chem. Soc. 74, 
4675 (1952). 

'For other systems in which thermal recombination has been 
observed, see references 4(b) and 4(d). Thermal recombination has 
also been noted in the following systems : Potassium permanganate, 
A. H. W. Aten, Jr., and J. B. M. Van Berkum, J. Am. Chem. Soc. 
72, 3273 (1950) and Rieder, Broda, and Erber, Monatsh. Chemie. 
81, 657 (1950). Cobaltic trisethylenediamine nitrate, A. Zuber 
(private communication). 
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TABLE I. Szilard-Chalmers separation in potassium chromate. 








Sample number 
1 2 


Weight of K2CrO, bombarded, grams 15.4 10 
Activity recovered,* millicuries 17 17 
Wt. of Cr*** recovered, milligrams 0.43 0.42 
Specific activity,* millicuries/mg 39 40 
Total Cr® produced,” millicuries 115 160 
Enrichment® 1400 680 
Over-all recovery of activity, percent 14.8 10.6 
Bombardment time, hours 31 66.5 
Temperature, centigrade 32° 32° 
Flux, neutrons/cm? sec 3.510" 3.5102 
Decomposition rate, parts per - - 


million/hour 
Acid used in separation process HNO; H.SO, 











a Corrected to the time of removal from the pile. 

b Approximate value calculated from capture cross section, flux, and time 
of irradiation. 

° Defined as ratio of specific activity of enriched fraction to that of over-all 
material. 


at a flux of 3X10” neutrons/cm? sec and temperature 
180°C, and only 0.8 percent of the activity was re- 
coverable. Thus the temperature of the bombardment 
site is important, and should be maintained below 50-60° 
Celsius. 

Other experiments in the Harwell series indicated that 
the percentage recovery is fairly independent of the pH 
of the solution in which the irradiated salt is dissolved. 
The temperature of the solution is likewise unimportant. 


DISCUSSION 


The results presented in Table I indicate that po- 
tassium chromate has an exceptional resistance to 
radiation decomposition in the pile. It is also interesting 
to note that our enriched chromium having a specific 
activity of around 40 millicuries/mg contains about 
2500 inactive atoms to one radioactive. 
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The position of the proton magnetic resonance is concentration dependent in aqueous solutions of electro- 
lytes yielding hydrogen containing ions. Chemical exchange averages the chemical shifts in the proton 
resonance position over the different chemical species. The averaged shifts observed are correlated with 
dissociation of the solute, and evidence is obtained in very concentrated solutions for the incomplete dis- 
sociation of HNO;, HClO,., and H2SO, and for the formation of ion pairs of NatOH-. A theoretical analysis 
of the relation between the magnetic absorption line shape and the chemical exchange frequency suggests that 
rather short chemical lifetimes can be measured; at least one can infer from the appearance of a single or 
complex resonance that the average lifetime is greater or less, respectively, than a determinable value in a 


range about 10-? to 10~ sec. 





INTRODUCTION 


VARIETY of experimental!* and _ theoretical 

papers’ has appeared recently describing the 
dependence of nuclear magnetic resonance frequencies 
upon the electronic environment of the nucleus. In 
ethanol Arnold and Packard! found the position of the 
proton resonance of the hydroxy] group to be tempera- 
ture and concentration dependent. An interesting and 
suggestive analysis of their data was made by Liddel 
and Ramsey‘ in terms of association of the hydroxyl 
groups by hydrogen bonding. We have found the proton 
resonance to be concentration dependent in aqueous 
solutions of some typical acids and other electrolytes 
and obtained results which may be correlated with the 
dissociation of the electrolyte. 

In these solutions the proton resonance was found to 
be single. This endorses the existence of fast exchange of 
the protons among the water molecules, undissociated 
solute molecules, and proton containing ions. Otherwise 
individual proton resonance lines would appear at 
positions corresponding to the different electronic en- 
vironment of each chemical species.’ The transition 
region from a complex to a single resonance line depends 
upon the frequency separation of the components in the 
complex line, the lifetimes of the different chemical 
states and indirectly upon the lifetimes of the nuclear 
spin states.® The position of the single line is a number 
average of the resonance frequencies of the nuclei in the 
absence of the chemical exchange. Slichter’ has dis- 
cussed analogous spin relaxation effects in the structure 
of the multiplet resonances which arise from coupling of 

* This work was assisted by the U. S. Office of Naval Research. 

1J. T. Arnold and M. E. Packard, J. Chem. Phys. 19, 1608 
OH. Meyer and H. S. Gutowsky, J. Phys. Chem. 57, 481 
(1953), and prior work cited there. 

3N. F. Ramsey, Phys. Rev. 78, 699 (1950) ; 86, 243 (1952). 

4U. Liddel and N. F. Ramsey, J. Chem. Phys. 19, 1608 (1951). 

5 Many such complex lines-have been found in covalent com- 
pounds with non-equivalent sites in the same molecule where 
chemical exchange is slow. For examples see Gutowsky, McCall, 
McGarvey, and Meyer, J. Am. Chem. Soc. 74, 4809 (1952). 

6 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


( a lead McCall, and Slichter, J. Chem. Phys. 21, 279 
1953). 


nuclear spins by the valence electrons. The analysis is 
extended to determine the critical frequency of chemical 
exchange, which is the frequency separation of the 
resonance lines in the absence of the exchange, the order 
of 10? to 10* sec for the solutions under our experi- 
mental conditions. The possibility of determining fast 
chemical exchange rates in this manner is considered. At 
least an upper or lower bound can be assigned readily, 
depending upon whether a single or multiple resonance 
is found. 


EXPERIMENTAL 


The apparatus and procedures have been described in 
detail elsewhere.* The chemical shifts were measured as 
5= 10°(Hx20— A ampie)/H 20, where Hugo and A yampie 
are the applied magnetic fields required for resonance, at 
fixed frequency, of protons in pure water and in the 
solutions, respectively. A permanent magnet with a field 
of about 4180 gauss adjustable over a small range was 
used. In these experiments the maximum experimental 
error in 6 was about +0.02, corresponding to errors of 
+0.8 milligauss; this error was introduced mainly by 
the interchange of samples in the rf coils, in spite of 
precautions taken to prevent changes in position. 

The acids on which the proton shift measurements 
were made included hydrochloric, nitric, perchloric, and 
sulfuric, all strong acids and acetic acid as an example 
of a weak acid. The solutions of various concentration 
were obtained by diluting the cp acids of the highest 
concentrations commercially obtainable. Sodium and 
potassium hydroxide were chosen as typical strong 
bases; their solutions and those of several salts were 
prepared from the cp solids. The samples were sealed 
in thin-walled capillary tubing, of about 1-mm bore. The 
measurements were made at room temperature. 


ANALYSIS OF EXPERIMENTAL DATA 
Acetic Acid 


The results obtained with acetic acid are the simplest 
to interpret. The proton resonances in the solutions 


8 Gutowsky, Meyer, and McClure, Rev. Sci. Instr. 24, 644 
-652 (1953). 
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were double. One of the lines showed no concentration 
dependence within experimental error; it was assigned 
to the protons in the methyl] group according to the 3:1 
intensity ratio in the glacial acid. We refer here only to 
the protons in the carboxylic acid group and the water, 
which produced the concentration dependent line. The 
equilibrium dissociation of the acetic acid is negligible 
over the concentration range in these experiments; 
however, the dissociation provides a mechanism for the 
rapid exchange of protons between the HAc and the 
H.O. Thus, the concentration dependence of the reso- 
nance can result from an average of the absorption over 
the two chemical states. That is, the chemical shift will 
be given by 

b= pidbnact prbH20, (1) 
where p; and p» are the fractions of protons in the acid 
and the water, and dya. and déx20 are the proton 
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HAc 


Fic. 1. The concentration dependence of the chemical shift of 
the proton magnetic resonance in aqueous solutions of acetic acid. 
pis the fraction of protons in HAc. 


tesonance shifts in pure HAc and H,0, respectively. 


| The measured shifts are referred to water, or du20=0, so 


Sobs= pic. (2) 
IfN; and Ne are the mole fractions of acetic acid and 
water, respectively, in the solutions, p; is computed 
simply as 
Ni Ni 


= (3) 
Nit2N, 2—N; 





pi= 


In Fig. 1, the observed values of 6 are plotted against 3. 
The relationship is linear, as predicted by Eq. (2) with 
bie = 0.61. 


Hydrochloric, Nitric, and Perchloric Acids 
The equilibria in aqueous solutions of these acids may 
be written schematically as 


HA + H,O @H;,0t+A-, (4) 
Ni(1—a@)'N2—aNi aN; aN, 
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Fic. 2. The concentration dependence of the proton chemical 
shift in aqueous solutions of some strong, monobasic acids. /; is the 
fraction of protons present in H;O*, assuming complete conversion 
of the acid proton to H;0*. 


where N, and N, are the stoichiometric mole fractions 
of acid and water, respectively, and a is an apparent 
degree of dissociation. If complete dissociation is as- 
sumed, then with Ni<Ng the position of the proton 
resonance is determined by averaging 6 over the 
hydronium ions and water molecules. This gives a result 
similar to Eq. (1), 


6= pibn30++ podn20, (5) 


and as before, du20=0, so as a final representation for 
complete dissociation, we have 


bobs = P1bH30*. (6) 


The fraction ~; of protons in hydronium ions is 


obtained as 
3N, 3N, 


fi= — = 5 
2(N.—N;)+3Ni 2—N; 





(7) 


for Ni < 3, 

The 6’s observed for the three acids are plotted 
against ; in Fig. 2. For p; up to about 0.2 (7 normal 
acid), the data fall along a single straight line. The 6’s 
for HCl continue to be linear to the maximum concen- 
tration investigated, p:=0.38. If the straight line por- 
tion of the data is extrapolated to p:=1, then by Eq. (6) 
one obtains the chemical shift of the hydronium ion, 
6n30+= 1.05+0.05. This value is of interest in connection 
with the nature of the hydronium ion. Combining 
theoretical calculations*® for H, gas with experimental 
observations? of the chemical shifts in H2O and He, and 
defining 5u2.0=0, then 6u+=2.70, where H* represents 
the bare proton. If the acid solutions consisted of bare 
protons (unsolvated) which exchanged rapidly with the 
hydrogen atoms in the water molecules, then for a 
solution of stoichiometric composition H;0+, we would 


° 1) S. Gutowsky and C. J. Hoffman, J. Chem. Phys. 19, 1259 
(1951). 
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find 6= (25n20+5n*+)/(2+1)=2.70/3=0.90. The rather 
close agreement of this value with the experimental 
1,050.05, and the observed equivalence of the three 
hydrogens of the hydronium ion in crystals! suggest 
that in H;O+ each of the O—H bonds is about 3 ionic 
with the remaining 3 character relatively unchanged 
from the bonding type in water itself. 

The increasing deviations from a straight line of the 
6’s in Fig. 2 for HNO; and HCIO, at the higher concen- 
trations result no doubt from some variety of interaction 
between the acid anions and the protons. If we assume 
the over-simplified model of incomplete dissociation to 
calculate the average proton chemical shift, then a term 
representing the contribution of the “undissociated” 
acid must be added to Eq. (6). Using the equilibrium of 
Eq. (4) gives 


bobs = ap1dH30*+ (1/3) (1—a) pidna, (8) 


where dy, is the proton shift in the undissociated acid, 
and 4; is still defined by Eq. (7). Strictly speaking, 
Eq. (8) should be applied to the whole range of concen- 
tration. However, a must be the order of 0.85 or less 
before deviations from Eq. (6) are outside of experi- 


TABLE I. Apparent degrees of dissociation of HNOs. 








pi Normality obs a KBp* 





0.27 8.3 0.25 0.84 230 
0.40 11.1 0.28 0.59 265 
0.56 13.4 0.31 ‘0.42 415 
0.75 15.7 0.33 0.29 705 








® Computed as in reference 11. As N--0, 8-1, the limiting value of KB is 
a thermodynamic dissociation constant. 


mental error, and this occurs only at high acid con- 
centrations. 

The instability of pure HClO, has discouraged the 
measurement of its ya. However, the 6 of fuming HNO; 
(Sp. gr. 1.59) was observed to be 0.56. Taking this value 
to be dna, Eq. (8) can be used with dn30+=1.05 to 
evaluate the apparent degrees of dissociation a from the 
5’s observed at intermediate concentrations. Values 
computed in this manner are listed in Table I. 

The results compare qualitatively with conclusions 
drawn from the Raman line intensities of the nitrate ion 
in the concentrated acids." If our values of a are used in 
the same manner to estimate dissociation constants, the 
KB values in Table I are obtained, the logs of which 
extrapolate at infinite dilution to a very approximate 
value of K, about 2X 10*, a thermodynamic dissociation 
constant, for which the Raman determined value is 
K=21. The approximations and assumptions in our 
calculation are severe, including: (a) The evaluation of 
530+ indirectly and by a long extrapolation, (b) The 


1 Kakiuchi, Shono, Komatsu, and Kigoshi, J. Chem. Phys. 19, 
1069 (1951); J. Phys. Soc. Japan 7, 102 (1952). 
( u 3 Redlich and J. Bigeleisen, J. Am. Chem. Soc. 65, 1883 
1943). 
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sensitivity of the values of a to even relatively small 
errors in 5, (c) The use of 5=0.56 from fuming HNO; as 
that of “molecular” nitric acid, (d) Another long 
extrapolation, from 8 normal to dilute acid, to obtain K. 
Even so, there is a significant difference between these 
results and other evidence on the existence of undis- 
sociated acid molecules in concentrated solutions.” For 
instance, the Raman data on HNO; show" detectable 
deviations from complete ionization at concentrations as 
low as 3 normal, while the 6 values for HNO; do not 
diverge from linearity till about 6 normal. Also, in HC] 
at concentrations greater than 9 normal, a diffuse 
Raman line appears” at 2630 cm™ characteristic of 
molecular HCl, while the 6 values for HC] remain linear 
to our most concentrated solution, 12 normal. 

The uncertainties inherent in the terms ionized and 
undissociated have been clearly pointed out.":” The 
Raman data and the chemical shifts offer independent 
operational definitions of “dissociation,” so it is not 
surprising that the results differ for the two methods. 
The vibrational period, which is the limiting lifetime of a 
molecule in the Raman experiment is the order of 10-” to 
10-“ sec. On the other hand, the limiting lifetime of 
a molecule in the nuclear magnetic resonance experiment 
is related to the Larmor frequency and is the order of 
10-6 sec. Therefore, what would appear as a “molecule” 
to the Raman spectroscopist could be a “sticky colli- 
sion” or something else equally vague in the radio- 
frequency sense. The importance of the different results 
would seem to lie less in their difference than in their 
similarity ; both experiments demonstrate the existence 
of significant concentrations of “undissociated mole- 
cules” of the strong acids in concentrated solutions. 


Sulfuric Acid 


In this case, the situation is more complicated than in 
the previous cases, because sulfuric acid is dibasic. The 
second dissociation is considered to be the order of a few 
percent in the concentration range investigated here, 
so one might attempt an analysis taking into account 
only the first equilibrium. Defining a as the apparent 
degree of the first dissociation, and with H2SO, and H,0 
stoichiometric mole fractions of N; and Nz, there will be 
the following equilibrium concentrations: 


H.SO, + HO 2 H;0++ HSO,, (9) 
Ni (1—a) No—Nia Nia Nya. 


The average proton resonance shift, referred to water !s 
given as 


dobs= Ni(1 —a)dH2804+ (3/2)N 105H30+ 
+ (1/2)Niaduso,-. (10) 


220, Redlich, Chem. Revs. 39, 333 (1946) gives an interesting 
review and a good bibliography. ; 

3H. S. Harned and B. B. Owen, The Physical Chemistry of 
Electrolytic Solutions (Reinhold Publishing Company, New York, 
1950), second edition, p. 609, summarize the evidence for undis- 
sociated molecules of strong electrolytes, including H2SOx. See also 
T. F. Ui Record Chem. Progr. (Kresge-Hooker Sci. Lib. 12, 
81 (1951)). 
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In order to analyze the data and calculate a, both 
juas0, and Suso4- are required. The proton shifts were 
measured for fuming sulfuric acid containing 30 percent 
and 15 percent excess SO;, and both solutions were 
found to have 6=0.61, indicating that the SO; doesn’t 
affect the 6 value of the H2SO, and favoring the plausi- 
bility of assigning d2s0,4 the value of the fuming acid. 
An estimate of duso4- can be attempted from the 6 
values observed in the more dilute solutions, where a 
might be considered unity. In this region, it would be 
predicted that 


Sops= Nil (3/2)dn30++ (1/2)6us04- ]. (11) 


The experimental values of 6 are plotted against N; in 
Fig. 3. At low concentrations, the data are linear as 
predicted by Eq. (11). However, the slope, dé/dN, 
43.30, in conjunction with 6u;0+=1.05, gives a value 
from Eq. (11) for duso4- of 3.45. This large a value is 
physically unreasonable; the bare proton has the 
largest known value 2.70, and even though larger 
values seem theoretically possible* the range of other 
experimental results herein suggests a figure between 
0.5 and 1.5. ; 

If the acid in the less concentrated range dissociated 
to SO and H;O+, the proton shift would be 6»; 
=3N,dn;0+. On this basis the observed slope gives 
ju30*= 1.10, in good agreement with the 1.05+0.05 
obtained from the monobasic acids. But the straight line 
section extends to concentrations as high as 4 to 5 
normal, while the Raman data™ suggest materially 
incomplete HSO,- dissociation at concentrations half as 
great. Also, if duso4- is assumed to be about 1.5, and 
duysog is taken as 0.61, application of Eq. (10) to 
compute a gives values considerably larger than those 
from the Raman experiments. In the absence of a 
better value for duso,4- little more can be said“ regarding 
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Fic. 3. The dependence of the proton chemical shift upon the mole 
fraction N, of sulfuric acid in aqueous solution. 


es 

“The proton shift was observed in a saturated solution of 
NaHSO,; the result is compatible with 5Hs0,-~1, but dissociation 
again prevents determining an accurate value. 
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Fic. 4. The concentration dependence of the proton chemical 
shift in aqueous solutions of sodium and of potassium hydroxide. 
p, is the fraction of protons present in OH~, assuming complete 
dissociation of the base. 





the results except that the proton shift “degrees of 
dissociation” are larger than those from the Raman 
data,"* as was found for the monobasic strong acids. 


Sodium and Potassium Hydroxide 


The proton shifts observed in NaOH and KOH solu- 
tions are given in Fig. 4. The range of observation was 
limited by the solubility and the shifts are rather small. 
However, the shifts do fall along separate, fairly smooth 
lines, plotted against f,, the fraction of protons in OH-. 
The limiting slopes in dilute solutions are the same 
within experimental error for NaOH and KOH, giving 
an extrapolated value for dou- of about 1.0. At higher 
concentrations, the 6 values for the NaOH solutions fall 
significantly below those of KOH, implying the forma- 
tion of Na+tOH™— ion pairs. The smaller size of Nat 
compared to K+ would lead to larger interionic forces in 
the NaOH solutions than in the KOH, in qualitative 
agreement with experiment. 


Other Solutions 


We measured the positions of the proton resonances in 
saturated solutions of sodium chloride, potassium chlo- 
ride, potassium nitrate, and potassium sulfate but 
observed no shifts from pure water. This substantiates 
the assumption implicit in the discussion above that the 
hydration of ions or molecules does not measurably 
affect the resonance position of the protons involved. In 
fact, the formation of an hydronium ion may be re- 
garded as an extreme case of hydration, and there the 
deviation ascribable to hydration is 0.15, a rather small 
effect.!° The proton resonances in solutions of am- 
monium hydroxide and ammonium chloride were found 
to be single and concentration dependent, showing the 
existence of exchange between all of the various protons. 


16 The formation of acids from anhydrides by adding HO, e.g., 
N20;+H,0—2HNO,, is a chemical reaction rather than a simple 
hydration, and such reactions produce relatively large changes 
in 6. 
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CHEMICAL EXCHANGE EFFECTS 


In the discussion of the experimental results it is 
assumed that a “fast exchange” of protons among 
different chemical states gives a single resonance line, an 
average of the separate lines there would be if the ex- 
change did not occur. A detailed analysis of the chemical 
exchange effects can be obtained by modifying the 
treatment’ of the spin multiplet splittings to fit this 
case. The Bloch equations'® for the nuclear magnetiza- 
tion describe the appearance of a resonance line. The 
effect of the chemical exchange is obtained by including 
the chemical shift in the Bloch equations and seeing 
what happens when the chemical exchange occurs. 


Two Chemical Species 


Suppose two chemical species A and B have proton 
resonances shifted by 6,»s. Choosing their average reso- 
nance field Ho as a reference, the chemical shift in 
angular frequency becomes dw=yHod.»s, where vy is the 
nuclear gyromagnetic ratio. Inclusion of the chemical 
shift in the Bloch equations gives the same modification 
as before, Eq. (34) in reference 7. The proton magnetiza- 
tion in the «—y plane of species A and B is given as 
Ma=“uativg and Mp=up+ivg. From Eq. (34), Ma 
and My satisfy the equations 


dM, 
dt UT; 


r 1 6w\ 7 
-f ——i( 40+) Ma=—wM, 


(12) 

dM, fil 6w\ 7 

+}]—— (40-= M3=—mw Mo, 
dt UT». 2 ! 








where w;=yHi, H, is the strength of the applied rf 
magnetic field of frequency w, and Aw=yHo—w. T2 is 
the inverse line-width parameter, assumed to be the 
same in A and B. As chemical exchange occurs, a given 
proton obeying initially the equation in Mg will change 
over to that in Ma, and the problem is that of obtaining 
the proper average of the magnetization over the 
exchange. 

Defining a= (1/T2)—i(Aw+dw/2) and agp= (1/T2) 
—i(Aw—6w/2) for brevity, integration of Eq. (12) gives 
the time dependence of M, and Mg, excluding the effect 
of chemical exchange: 


41M 
M,(t)=—- (1—e~74*) 4+ Mya? 


QA 


(13) 


where M 4° is the value of M, for a single proton entering 
the chemical state HA at ¢=0, and there is a similar 
equation in Mx. There will be a given number of these 
protons whose magnetization was M,° at t=0. The 
chemical exchange causes the population of this group to 
decay exponentially in time. Assuming the protons in 


16 F, Bloch, Phys. Rev. 70, 460 (1946). 
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HA to be labeled, the kinetic expressions are 
H*A+ HB@HA+ HB 


d(H*A) 


(14) 
= —ke(H*A) (HB), 


and since (HB) is constant in time, the labeled H*A 
have an average life r4=1/k.(HB). The exchange of 
HB is similar, with the average life depending upon the 
number of HA molecules (HA), t3=1/k2(HA). Or, ex- 
pressing the concentrations in proton fractions 


ta=1/pr, 
od t/Pa; 


where r=1/{k.(HA+HB)}. The influence of self-ex- 
change upon the magnetization is incorporated in the T; 
values. The probability that a given proton will have 
stayed in HA a time between ¢ and /+-dt is (1/ra)e~“ "Ad. 
This result can be combined with Eq. (13) to compute 
(Mx), an average over the exchange of the magnetiza- 
tion of those protons with Ma=M,° at t=0: 


) t/TA M,° 
(M,)= f M,(d)dt= a 
0 TA 1l+aata 1+ a7 


(15) 


tw M OTA 





(16) 


However, protons enter the HA state at different 
times with various initial values of M. Therefore, we 
need (M 4°), the average of M,° over all initial states, to 
find (Mx) =((Ma)), the value of Ma averaged over the 
exchange and the initial states. Now the solution for M, 
joins continuously with that of Mg as the exchange oc- 
curs, therefore theaverage initial valueof M 4°, i.e., (M4) 
is simply the “completely averaged” value of Mz, i.e. 
(Mx). Substituting these terms in Eq. (16) and writing 
the equivalent equation for state B, we have 


(M4)= ((Mg)—tw1M ora)/(1+aara), 
(Mz)= ((M4)—iw;M orp)/(1+a878). 


The total magnetization M is the sum of the two 
states, each weighted by the fraction of protons tt 
contains; thus 


M= pa(Ma)+ ps(Mp) 
_ teoM of (ta+72)+7a7B (eapstanpa) ] 
(1+a,rT,)(1+aprp)—1 


In the resonance absorption experiments v is observed 
where v comes from the imaginary component of the 
total magnetization M=u-+-12. 

We shall consider the two extreme cases of very slow 
and very fast exchange: 

i. Very slow exchange (ra, TR>>1/6w).—In this case, 
Eq. (18) becomes 


pa pp 
M=—tw My +=), 
Qa QB 


17) 





(18) 


(19) 
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and pp at Aw= —dw/2 and Aw= +6w/2, as is observed in 
many organic compounds where the exchange is known 
to be slow. 

it. Very fast exchange (ra, taK1/6w).—In this case, 
Eq. (18) becomes 





— 6M 9 
M =—————__, (21) 
aapatapps 
from which 
—wiMo/T» 
v= : (22) 
(1/T2)*+ Aw— (6w/2) (pp— pa)? 


This corresponds to a single resonance, of unit intensity 
at Aw= (6w/2). Or changing the point of reference to the 
resonance of A at —éw/2, the resonance will appear at 
Aw= ppdw, aS we assumed in the analysis of the experi- 
mental results. 

The critical transition region for the average lifetimes 
of the chemical species may be found from Eq. (18). The 
simplest case is when ~a= fp, in which event ra=73 
=27, the equation simplifies to Eq. (41)'” of reference 7, 
and the transition occurs at 27éw between 1 and 10. The 
shape of the resonance changes fairly sharply with 7 in 
the transition region. This may be seen from Fig. 5 in 
which computed line shapes are given for 276w= 1/100, 
1,10, and 100. 


Three Chemical Species 


Several of the systems investigated involved exchange 
among three different chemical species, e.g., H,O,H;O*, 
and HNO;. Calling the states A, B, and C, three equa- 
tions analogous to Eq. (12) are obtained. The kinetic 
expressions include the exchange of each species with 
two other species. Thus, for labeled HA, 





H*A+HB+HC@HA+ HB+HC (23) 
d(H*A) 
ons kas(H*A) (HB)— kac(H*A) (HC) 
- = — {kan(HB)+ac(HC)} (H*A), (24) 
Ta= 1/{ kan (HB)+Rac(HC)}=1/ (riot 113) (25) 


with similar expressions for HB and HC. The boundary 
conditions applied in averaging the magnetization of 


, " The right-hand side of Eqs. (41) and (42) should be multiplied 
ee 
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each species over the initial states upon exchange must 
incorporate the relative amounts of the given species 
exchanging as well as the completely averaged values of 
the magnetization in the other two species. Thus, we 
find 

kan(HA) (HB)(Mz)+ kac(HA) (HC)(Mc) 


kan (HA) (HB)+ kac(HA) (HC) 
m= v4 (r 12M B)+ r 13M c)) . 


The rest of the analysis proceeds along the same lines 
as the two species case. The final equation for the total 
magnetization is rather cumbersome and will not be 
reproduced here. However, the limiting and transition 
results are similar to the two species system: a single 
resonance at a position Aw= padwa+ prdwp+ podwe if the 
exchange among all three species is fast; a triple 
resonance at positions Aw=éwa, dwg, and dwc with 
relative intensities pa, pp, and pc, if the exchange is 





(M,°)= 


(26) 





2%6w | 
A we 


B 
Cc 10 
D 100 




















Fic. 5. Theoretical magnetic resonance line shapes in a chemi- 
cally exchanging two species system with equal lifetimes and equal 
atomic fractions, computed for different chemical lifetimes r. 


slow; and the critical frequency of chemical exchange is 
of the same order as the frequency separation of the 
resonance components without the exchange. 

T2.—The influence of 7: upon the nature of the 
resonances is indirect. If J; is short, the resonance is 
naturally broad, which might obscure closely spaced 
chemically shifted components. If T: is long compared 
to the inverse frequency separation of the chemically 
shifted components, the analysis presented graphically 
in Fig. 5 applies. In Fig. 5, it is seen that chemical 
exchange in the transition range gives a broad line even 
though T, is long. The 72 values should be related 
directly to the chemical exchange.® If the exchange is 
very effective as a relaxation mechanism, then when the 
exchange is fast enough to give a single, concentration 
dependent line, the natural width would become the 
order of the chemical shift, giving still an unusually 
broad line for a liquid phase. In brief, observation of an 
exceptionally broad line in a liquid phase, with exchange 
possible, does not prove the exchange frequency is in the 
critical region. Very broad resonances have been noted 


1694 H. 


for fluorine'® in IF; and for phosphorus’ in FPO(OH)», 
both as liquids; the broadening mechanisms might very 
well be those suggested here. In chemically exchanging 
or reacting systems TJ, should be concentration de- 
pendent because self-exchange would likely be more or 
less effective in relaxation than is cross exchange. 


DISCUSSION 


Some qualitative conclusions of interest can be drawn 
from the analysis and data given above. For instance, it 
was reported earlier’ that PF; did not have chemically 
shifted fluorine resonance components even though the 
accepted trigonal bipyramid structure would predict 
two lines, and complex lines with large chemical shifts 
were found in IF; and BrF;. However, collisions provide 
a mechanism for exchanging the fluorines among the 
apex and trigonal positions and averaging the chemical 
shift. The single, concentration dependent resonance 
lines discussed above demonstrate the existence of fast 
exchange in a number of cases, some expected and some 
perhaps not. The HXO—OH™ exchange is illustrative. 
The estimated value for doxn- is 1.0 or about 200 sec™ at 
4200 gauss. If allowance is made for the concentration 
dependence, the average lifetime of OH™ ions in concen- 
trated aqueous solution at room temperature is the 
order of 10~ sec or less. Similar conclusions can be 
drawn for the acids and ammonia compounds in- 


vestigated. 


18 H. S. Gutowsky and C. J. Hoffman, J. Chem. Phys. 19, 1259 
(1951). 
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The potential applications of these methods to other 
systems and nuclei appear promising. The investigation 
of ionic interactions and of degrees of dissociation seem 
straightforward, at least in qualitative terms. The 
determination of exchange rates or, in the general case, 
of reaction rates is a bit more complex. The chemical 
shifts, in frequency, are proportional to the applied 


. magnetic field, and a fivefold range or so of frequency 


could be explored by changing the field. The average 
relative lifetimes depend upon concentration, and a 
several-fold range has been observed in these experi- 
ments. Also, the exchange rates are temperature de- 
pendent, and a wider range of exchange could be 
searched by changing the temperature than by changing 
the magnetic field, with a low temperature limit de- 
termined by the magnetic dipole broadening of the 
resonance lines. In case of heavier nuclei such as 
fluorine, the exchange rates should be smaller, and the 
chemical shifts are larger, so that instances of systems in 
the transition stage should be found more readily. A 
combination of temperature and magnetic field changes 
in the transition region would permit evaluation of the 
activation energy for the exchange. 
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other Proton Magnetic Resonance of the CH; Group.* I. Investigation of Six 
gation Tetrasubstituted Methanes 
1 Seem 
. The J. G. Powtes anp H. S. Gutowsky 
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emical 
pplied Measurements have been made of the proton magnetic resonance absorption in methyl chloroform, 
juency 2,2-dinitropropane, 2-chloro-2-nitropropane, ¢-buty] chloride, ¢-butyl bromide, and neopentane, in the solid 
verage state. In all the materials at — 196°C, except neopentane, the absorption corresponds to CH; groups effec- 
and a tively fixed in the lattice. The narrowing of the absorption lines with rising temperature in methyl chloroform, 
xDeri- 2,2-dinitropropane, and 2-chloro-2-nitropropane is attributable to the increasing rate of motion of the CH; 
- groups about their C; symmetry axis. In methyl chloroform at higher temperatures, and in ¢-buty] chloride, 
re de- t-butyl bromide, and neopentane an additional motion of the CH; groups is required to explain the observed 
Id be absorption, and possible motions are suggested. In all the polar materials the line becomes very narrow at the 
inging thermal transition at which the dielectric constant rises to a high value, marking the onset of over-all molecu- 
it d lar rotation. In neopentane the line is narrower than expected for the rigid lattice at — 196°C. With rising 
It de- temperature, the line narrows to a very small value between the thermal transition and melting points. 
of the Theoretical analyses are given of the effects of external broadening upon the line shapes of fixed and rotating 
ch CH; systems, and the results are used in interpreting the experimental data. 
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EASUREMENTS have been made of the proton 
magnetic resonance absorption in methy] chloro- 

form, 2,2-dinitropropane, 2-chloro-2-nitropropane, /- 
butyl chloride, /-butyl bromide, and neopentane in the 
temperature range from — 196°C to room temperature. 


cps signal proportional to the derivative (versus field) of 
the nuclear magnetic absorption, when the main magnet 
field was modulated by a coil carrying 30 cps current. 
The modulation amplitude, in all cases, was small 
enough to assure that the curves obtained were not 
affected to any significant extent by modulation 


ichter These molecules have a similar structure in which a cadiaalins®: Wika OM olen dete ee lal doa tale 

hange | central carbon atom is surrounded by four groups at aia g- és teaiin 4 P din na i . ee a8 

grant least one of which is the CH; group and the remainder ae ee Ce oe = Semen Se nearer ee 
chart of which moved in synchronization with a device 


may be Cl, Br, or NO». The molecules are roughly 
spherical in shape, because of the comparable size of the 
groups and their tetrahedral arrangement, and this 
leads to the occurrence of ‘‘rotator’’ phases at tempera- 
tures below the melting point.! These phases have a high 
dielectric constant (except, of course, the nonpolar 
neopentane) which is undoubtedly due to movement of 
the molecule as a whole. At lower temperatures move- 
ment of the whole molecule is unlikely, but parts of it 
may still be in motion and it is the object of this paper to 
investigate the motions, particularly of the CH; groups, 
by observation of the proton magnetic resonance lines 
and their dependence on temperature.” 


2. EXPERIMENTAL ARRANGEMENT 


The experimental arrangement used for the observa- 
tion of broad proton lines in solids has been described in 
detail. The large magnetic field was provided by a 
permanent magnet having a field of some 6365 gauss so 
that the proton magnetic resonance was centered at 
about 27 mc. The resonance was observed with the aid 


* Supported by the U. S. Office of Naval Research. 
Asso). Crowe and C. P. Smyth, J. Am. Chem. Soc. 72, 4009 
* Gutowsky, Kistiakowsky, Pake, and Purcell, J. Chem. Phys. 
17,972 (1949). 
asks * Gutowsky and G. E. Pake, J. Chem. Phys. 18, 162 
assem” Meyer, and McClure, Rev. Sci. Instr. 24, 644 


regulating the large magnetic field. In this manner, an 
automatic record was obtained of the derivative of the 
absorption lines extending over a range in magnetic field 
adequate for the observation of the line shapes due to 
the CH; group. 

The materials were obtained commercially. Those 
which were liquids at room temperature were purified by 
washing with calcium carbonate and distilled water; 
they were then dried over calcium chloride, and 
fractionally distilled in a 5-ft column. The purified ma- 
terials were used as far as possible on the same day that 
they were distilled since it was found that some de- 
composition had taken place upon standing only 24 hours 
[see Sec. 3(a) ]. The 2-chloro-2-nitropropane was only 
available in a quantity insufficient for distillation and 
showed evidence of a small proportion of proton con- 
taining impurity which, however, was not considered 
sufficient to invalidate our results. The 2,2-dinitro- 
propane had been purified by twice recrystallizing from 
alcohol and drying under vacuum. The 2-chloro-2- 
nitropropane and the 2,2-dinitropropane were kindly 
lent by Professor C. P. Smyth. The neopentane was 
given by the Phillips Petroleum Company to whom we 
express our thanks. It was guaranteed 99.86 percent 
molar pure and was used without further treatment. 

The specimens were contained in a thin-walled glass 


5 M. M. Perlman and M. Bloom, Phys. Rev. 88, 1290 (1952). 
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Fic. 1. Experimental absorption line derivatives for methyl 
chloroform at various temperatures. Abscissas are in gauss; ordi- 
nates are in arbitrary units. 


tube having a volume of about 3 cm’, which was in- 
serted in the coil of the oscillating detector. The 
neopentane, which is a gas at room temperature, was 
condensed directly from the storage tank into the tube 
in situ. The appearance of the specimen when solid was 
in all cases that of a white, opaque mass apparently 
composed of small crystals. 

The lowest temperature, — 196°C, was obtained by 
use of liquid nitrogen in an earlier form of a cryostat 
which has been described elsewhere.‘ This temperature 
was sufficiently low to allow the observation of the rigid 
lattice line except in neopentane. The temperature was 
measured by means of a copper-constantan thermo- 
couple of which one junction was frozen in the specimen 
itself at a point very near to the coil of the oscillating 
detector. The temperature measured in this way was 
correct to about 1°C. Some hysteresis occurred at the 
thermal transitions similar to that observed in the 
dielectric measurements,! so all the measurements re- 
ported here were obtained for rising temperature. The 
specimen was cooled to liquid nitrogen temperature in 
about one hour and measurements were made at 
suitable intermediate temperatures, rising until the line 
narrowed to the order of 0.1 gauss. 


3. EXPERIMENTAL RESULTS 


It is convenient to consider several aspects of the 
absorption lines, namely, the actual line shape, the line 
width, the utility and significance of which depends 
somewhat on the line shape obtained, and the second 
moment of the absorption line, as well as the variation 
of these quantities with temperature. The most detailed 
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line shapes and the ones most susceptible to theoretical 
interpretation were obtained for methyl] chloroform and 
these are treated in some detail. The experimental re- 
sults are presented in this section for all of the com- 
pounds, and the interpretations and analyses are given 
in the following part, Section 4. 


(a) Methyl Chloroform 


In Fig. 1 there is reproduced the observed and some- 
what smoothed line shape for methyl chloroform at 
— 196°C; the ordinate is proportional to df(H)/dH, 
where {(H) is the absorption. The values of df(H)/dH 
shown in Fig. 1 are in arbitrary units. The line shape at 
— 137°C in Fig. 1 is where the line has begun to narrow, 
that at —119°C shows further narrowing, and that at 
— 96°C is a line shape for which a particularly simple 
theoretical interpretation is possible. The line continued 
to narrow slightly with increasing temperature until at 
—49°C the width fell to a small value such that the 
observed line width was determined by the resolving 
power of the equipment. At —49°C there is a phase 
transition® with an entropy increase of 7.9 eu/mole 
and the dielectric constant rises to a high value.! A 
rather less important transition at —68°C, which is 
indicated by an entropy increase of 0.25 eu/mole and a 
small rise in dielectric constant, appears to have little 
effect on the line shape. 

The line shape in Fig. 1 for — 49°C was obtained when 
the specimen was partly transformed and is evidently a 
superposition of broad and narrow lines. The transition 
in line shape occurred in a temperature range of less 
than }°C. 

A line shape similar in form to that for —49°C in 
Fig. 1, but with the “spike” rather less pronounced was 
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Fic. 2. Experimental line widths and root second moments for 
methyl] chloroform as a function of temperature. The cross-hatch- 
ing indicates the region of temperature in which the dielectric 
constant is high. 


6 Rubin, Levedahl, and Yost, J. Am. Chem. Soc. 66, 279 (1944) 
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obtained at —59°C, i.e., 10° below the transition, for a 
specimen of methyl chloroform which had been distilled 
24 hours previously. In a specimen measured immedi- 
ately after distillation, the central “spike” was entirely 
absent below the transition temperature. It is evident 
therefore that the former specimen contained a proton 
bearing impurity possessing sufficient freedom of motion 
below the transition temperature of methyl chloroform 
to give a narrow line. The intensity of a narrow line is 
much greater than that of a broad line from the same 
number of nuclei, so these measurements are particu- 
larly sensitive to this type of impurity. Similar but less 
striking evidence of the rapid decomposition of methyl 
chloroform has been observed in dielectric constant 
measurements.’ Had we not observed that the spike 
disappeared upon purification of the sample, it might 
have been ascribed to a pretransition phenomenon in 
which a number of molecules had sufficient freedom of 
motion below the transition temperature to give a 
narrow line superimposed on the broad line due to the 
other molecules. It is clear that precautions must be 
taken to guard against the effects of small amounts of 
proton bearing impurities.® 

In these compounds the line shapes are complex and 
it is convenient to define the line width as the separation 
between the pairs of peaks in the observed derivative of 
the absorption line. For a simple absorption curve the 
derivative has only one pair of peaks. For the more 
complicated line shapes we can measure two or more line 
widths, 6H,, 6H», etc. which are the separation of the 
outer, next inner, etc. pairs of peaks of the derivative 
curve. In this sense methyl chloroform has two line 
widths 6H, and 6H; as illustrated in Fig. 1 and these 
values are given as a function of temperature in Fig. 2. 
The cross-hatched region of temperature in Fig. 2 and 
succeeding figures is that in which the dielectric constant 
has a high value! and the transition and melting points 
are shown by T. P. and M. P. 

In earlier measurements of the line widths for methyl 
chloroform, the outer peaks were not observed at tem- 
peratures above the transition at about —120°C; the 
line width versus temperature curve reported previ- 
ously* is a composite of 6H; and 6H; in Fig. 2, joining at 
the line width transition. The earlier, incomplete data 
probably resulted from broadening of the outer peaks by 
the greater magnetic field inhomogeneities, and from the 
manual method of measuring the line widths without 
plotting the whole line shape. The results in the low 
temperature region agree very well. Also in Fig. 2, the 
values of the root second moment, AH», are given for 
methyl chloroform at different temperatures. The 





. Powles, Williams, and Smyth, J. Chem. Phys. 21, 136 (1953). 
* A similar case is described by F. A. Rushworth, J. Chem. Phys. 
20, 920 (1952) ; and E. R. Andrew, J. Chem. Phys. 18, 607 (1950). 
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Fic. 3. Experimental line widths and absorption line derivatives 
for 2,2-dinitropropane versus temperature. 


second moment of an absorption line,’ is defined as 


AH?= f ° f(H)(H—Hy)*dH / f ° f(DdH, 


where H is the applied magnetic field, and Hp is the field 
at the center of the line. The second moments were 
calculated from the observed line shapes after numerical 
integration to obtain f(H). The root second moments, 
AH), are plotted for graphical convenience. The scatter 
of the points for AH, about the smooth curve drawn 
through them is rather greater than for 6H because AH» 
is sensitive to the exact line shape in the outer regions. 
For the other materials a simpler line shape is observed 
and the values of AH» show a correspondingly smaller 
scatter. 


(b) 2,2-Dinitropropane 


The results for line shape and line width for 2,2- 
dinitropropane as a function of temperature are shown 
in Fig. 3. The values of the root second moment are 
given in Fig. 4. The narrowing of the line at the thermal 
transition at —5°C is less abrupt than in the case of 
methyl chloroform. A similar effect is observed in the 
dielectric measurements.'? The line shape at — 194°C is 
similar to that for methyl chloroform, but in the line 
width transition region and above there are significant 
differences and similarities. It is noteworthy that the 
line does not change in any respect between —140 
and —5°C. 


(c) 2-Chloro-2-Nitropropane, f-Butyl Chloride, 
and f-Butyl Bromide 


The results for these materials are given in Figs. 4-8. 
In all three cases the line shape at the higher tempera- 
tures shows no evidence of the outer peaks observed for 


9J. H. Van Vleck, Phys. Rev. 74, 1168 (1948). 
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Fic. 4. Root second moments for 2,2-dinitropropane and 2-chloro- 
2-nitropropane versus temperature. 


methyl chloroform and 2,2-dinitropropane. The line 
narrows at the transition at which the dielectric con- 
stant rises. This effect is particularly interesting in the 
cases of ¢-butyl chloride and ¢-butyl bromide both of 
which have two thermal transitions," below the melting 
point, of almost equal importance. In /-buty! chloride 
the dielectric constant rises at the upper transition and 
in t-butyl bromide at the lower.’ The narrowing of the 
nuclear resonance line also occurs at these points in 
striking confirmation of the dielectric measurements. 
For 2-chloro-2-nitropropane the line shape at — 196°C 
is similar to that for the materials already discussed. 
Those for t-butyl bromide and /-butyl chloride have 
forms which also may be simply interpreted. 


(d) Neopentane 


Neopentane (Fig. 9) is exceptional in that the line is 
comparatively narrow even at —195°C, as has been 
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Fic. 5. Experimental absorption line derivatives and widths for 
2-chloro-2-nitropropane versus temperature. 


1 Kushner, Crowe, and Smyth, J. Am. Chem. Soc. 72, 1091 
(1950). 


previously observed,*® however, there is an indication of 
the onset of broadening in the slight rise in the AH, 
curve at the lowest temperature. No change was ob- 
served in the absorption obtained on passing through 
the thermal transition temperature at — 133°C, where 
the entropy increase is 4.39 eu/mole." This agrees 
with the earlier results.’ Starting at —80°C the line 
narrows gradually with temperature to a limiting value, 
but there is no anomaly in the specific heat. This very 
different behavior of neopentane undoubtedly reflects 
the very symmetrical form of the molecule, which may 
be compared with methane for which the line width 
transition occurs below 20°K." The apparent line 
widths reported earlier for neopentane at temperatures 
above —80°C are somewhat larger, because of greater 
magnetic field inhomogeneities, than are the present 
results. We have now measured 2,2-dichloropropane and 
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Fic. 6. Experimental absorption line derivatives and widths for 
t-butyl chloride versus temperature. 


find that its behavior is very similar to that of methy! 
chloroform. Detailed results will be published later. 


4. INTERPRETATION OF RESULTS 
(a) Rigid Lattice Lines 


The observed broadening of the absorption lines is 
due to the magnetic dipolar interactions of the protons 
in these materials. For the case in which the magnetic 
nuclei are effectively stationary, the second moment has 
been given by Van Vleck,° and for protons this is 


9 1 
AH2=--p?-— > (3 cos’ j,—1)?/r52°. 
2 N pk 


u is the proton magnetic moment; N is the number of 
nuclei considered to interact ; 0;, is the angle between the 
J, G. Aston and G. H. Messerly, J. Am. Chem. Soc. 58, 2354 


(1936). 
2N. L. Alpert, Phys. Rev. 75, 398 (1949). 
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large magnetic field and the line joining nuclei 7 and k; 
and rj, is the internuclear distance. The contribution to 
AH,? due to nuclei other than protons is negligible in 
these materials. In compounds where all the protons are 
in CH; groups, the largest contribution to AH? for a 
given proton is that of its two neighbors in the CH; 
group. For an isolated trio of protons arranged in an 
equilateral triangle of side R, one obtains 
AH?= 20? : (3 cos’ j,— 1)’, 
i>k 
where a= (3/2)u/R’. 
If the normal to the triangle is randomly oriented with 


respect to the large magnetic field, as it is in the 
crystalline powders investigated, one finds 


AH> fixed, powder — 2 (2/5)}+a. 


AH; is independent of the orientation of the triangle 
about its C; symmetry axis." Taking the H—H distance 
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Fic. 7. Experimental absorption line derivatives and widths for 
t-butyl bromide versus temperature. 


in the CH; groups to be 1.79A, the numerical result is 
AH,=4.66 gauss This value is marked on the curves of 
AH» versus temperature as the fixed triangle value. 

The effect of the protons in neighboring CH; groups 
gives an additional broadening. Provided certain condi- 
tions are satisfied the effect may be represented by a 
Gaussian broadening factor exp(— H?/26?) as shown by 
Pake." In the materials investigated here, 8” has a value 
of several units of gauss.? With this broadening the root 
second moment for a crystalline powder containing fixed 
CH; groups becomes 


AH2=[ (8/5)a?+* }}. 
The actual line shape for an equilateral three spin 


system has been derived by Andrew and Bersohn," and 


 E. R. Andrew and R. Bersohn, J. Chem. Phys. 18, 159 (1950). 
4G. E. Pake, J. Chem. Phys. 16, 327 (1948). 
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Fic. 8. Root second moments for ¢-butyl chloride and ¢-butyl 
bromide versus temperature. 


for such systems, isolated and randomly oriented as in a 
crystalline powder, the line shape is extremely complex. 
However, in all practical cases the effect of nuclei ex- 
ternal to the given trio is to simplify the line shape. The 
theory for fixed CH; groups has been compared with 
experimental* results using an external broadening 
corresponding to 6*=2 gauss.? The comparison was 
made of the theoretical and graphically integrated ex- 
perimental derivative absorption lines. However, since 
we observe the derivative of the absorption line we shall 
obtain in the following the theoretical derivative curve 
directly, without recourse to the absorption line. The 
comparison of the derivatives is in fact a more sensitive 
test of the theory. The case of the triangular group 
rotating about its C; axis is also derived by Andrew and 
Bersohn® and this matter is taken up again below. 

It is instructive to calculate the derivative curves for 
a number of different values of the external broadening 
for the fixed triangle case. The results are shown in 
Fig. 10 for 6°= 8, 6, 4, and 2 gauss’. It may be noted that 
the separation of the outer peaks is hardly affected by 
the external broadening in this range, being somewhat 
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Fic. 9. Absorption line derivatives, widths, and root second 
moments for neopentane versus temperature. 
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Fic. 10. Theoretical absorption line derivatives for fixed CH; 
groups with various degrees of external broadening. 6? is the 
contribution in gauss? of the external broadening to the second 
moment of the absorption line. Abscissas are in gauss; ordinates 
are in arbitrary units. 


larger, the larger the broadening. The inner peaks are 
due in large measure to the central component of the 
primitive line shape (reference 13, Fig. 2(a)) and their 
separation is roughly proportional to 8. The relative 
amplitudes of the two peaks depends very much on the 
broadening and for 6?>6 gauss? the inner peaks are no 
longer resolved. 

A comparison of the line shapes of Fig. 10 with the 
experimental line shape for methyl chloroform at 
—196°C shows that it and the theoretical curve for 
6’=2 are almost identical and this is, of course, con- 
firmed by the values of 6H; and 6H: given in Fig. 2. 
Moreover, we calculate for 6?=2 that AH.=4.80 and 
this is in good agreement with experiment. Indeed it has 
been estimated? that for a reasonable arrangement of the 
molecules in the methyl chloroform crystal, the external 
broadening corresponds to a value 6?=2 gauss*. The 
experimental results therefore correspond very closely 
with theory for methyl chloroform at low temperatures 
when it is assumed that the CH; groups remain fixed or 
at least that any motion such as zero point torsional 
oscillation which may occur does not affect the measure- 
ment significantly.*:"3 This means that any other motion 
of the CH; groups as a whole takes place with an 
effective frequency of less than about 10‘ cps.!5 

For 2,2-dinitropropane at —194°C the agreement is 
again very good in all respects for 6?=5 gauss*. The in- 
crease in external broadening may be ascribed to the 


16 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 
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fact that there are now two CH; groups per molecule 
thus increasing the probability of interaction between 
the different groups. 

For 2-chloro-2-nitropropane at — 195°C agreement is 
found for 6’-~3 gauss’, that is, the external interaction is 
rather smaller than in 2,2-dinitropropane in spite of it 
also having two CH; groups per molecule. It is possible 
that in the latter molecule the two CH; groups are 
forced closer together by the large NO: groups than is 
the case in the molecule containing Cl and NO: sub- 
stituents. Again, the large NOz2 groups are likely to 
increase the distance between individual molecules and 
hence should reduce the intermolecular broadening. 
Both factors suggest that the external broadening in 
these two compounds is due rather to interactions be- 
tween the CH; groups in the same molecule than with 
those in adjacent molecules. 

The lowest temperature line shapes for /-butyl 
chloride and ¢-butyl bromide correspond fairly well to 
6’=5 and 7 gauss’, respectively. These large values of f 
reflect the high concentration of CH; groups. One might 
suggest that the higher value of 6? in ¢-butyl bromide is 
due to a closer approach of the CH; groups in this 
molecule occasioned by the larger bromine atom. For 
such large broadening it is probable that its representa- 
tion as a Gaussian function is no longer valid. Neverthe- 
less, the line shape is still a recognizable perturbation of 
that of an isolated equilateral three spin system. 


(b) Rotating Triangle Case 


Motion of the nuclei, or rather of the line joining any 
two interacting nuclei with respect to the large magnetic 
field, changes the line shape from that of the rigid 
lattice.!5"3 It has already been noted that a narrowing of 
the nuclear magnetic resonance line occurs when the 
dielectric constant rises at the thermal transitions. 
These effects are associated with a considerable increase 
in freedom of motion of the whole molecule. The line- 
width transition at lower temperatures is connected 
with motion of parts of the molecule, in this case the 
CH; groups. This is likely to occur at a lower tempera- 
ture than motion of the whole molecule, and will not 
lead to any substantial change in dielectric constant. 

The value of the second moment for a triangular 
group of nuclei rotating about its C; symmetry axis is 
found to be for protons and for a crystalline powder 


AH, rot. powder — (2/5)}-a, 


ie., AH» falls to one-half the rigid lattice value. The 
detailed line shape for the rotating triangle has been 
obtained by Andrew and Bersohn. We have calculated 
the theoretical derivative line shape for external 
broadening corresponding to 6?==2, 1, 5 and } gauss’, 
and these are shown in Fig. 11. Lower values of external 
broadening are of course appropriate in this case. The 
reduction in external broadening is discussed by Andrew* 
for certain types of motion. A similar analysis of the 
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broadening encountered in this investigation suggests 
that the effect of rotational motion of the CH; groups is 
to reduce 6 by a factor of about four. A reduction of this 
order is observed. 

The general effect of external broadening on the line 
shape is similar to that observed in the fixed triangle 
case. The outer peak separation is almost independent 
of 8 at a value of 8.2 gauss; the inner peak separation is 
proportional to 6 and the relative amplitude of the two 
peaks varies strongly with the broadening as shown in 
Fig. 12. The ordinates in Fig. 11 are in arbitrary units 
both absolutely and with respect to the different dia- 
grams. For 6°22 the outer peaks are not resolved. 

The experimental line shape for methy] chloroform at 
-—96°C is in good agreement in all respects with the 
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Fic. 11. Theoretical absorption line derivatives for CH; groups 
rotating about the C; symmetry axis. Various degrees of external 
toadening are indicated by f*, the contribution in gauss? to the 
second moment of the absorption line. Abscissas are in gauss; 
ordinates are in arbitrary units. 


theoretical line shape for the rotating triangle for 
=} gauss’. The interactions external to the CH; 
groups are reduced as a result of the motion by a factor 
of about 4 in 6°. It is evident therefore that the change in 
line shape in methyl chloroform between —196 and 
~96°C is due to increasingly effective motion of the CH; 
groups about their symmetry axes. The further narrow- 
ing which takes place above —96°C is due to some 
additional motion and this is discussed in Section A(c). 
_ In2,2-dinitropropane the value of AH. above — 130°C 
i$ appropriate to the rotating triangle with an external 
broadening of 13 gauss, however, the agreement be- 
tween the theoretical and experimental line shapes is not 
4s good as for methyl chloroform. The deviation is not 
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Fic. 12. The line widths, 
6H, and 6H», and the ampli- 
tude ratio of the outer peak 
to inner peak as a function 
of the external broadening 
in gauss? for rotating CH; 


groups. 
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sufficient, however, to invalidate the conclusion that the 
line narrowing is due primarily to motion of the CH; 
groups about their C; axes. 

For 2-chloro-2-nitropropane the AH» value above the 
line width transition also levels off at a value corre- 
sponding to the rotating triangle with 1} gauss? external 
broadening. However, in this case the outer peaks in the 
line shape were not observed. On the assumption that 
the external broadening is a Gaussian function this 
would indicate a value of 6°>2 gauss’. The external 
broadening may be such that it invalidates this simple 
procedure, but the motion responsible for the line 
narrowing is still the rotational motion of the CH; 
groups. 

In both /-buty]l chloride and /-butyl bromide the line 
narrows to a value such that both AH» and the line 
width fall well below the values appropriate for the 
rotating CH; groups. The outer peaks are not observed 
but this could be ascribed to the large external broaden- 
ing. But in order to obtain the low value of AH», it must 
be assumed that there is some more extensive motion of 
the molecule in the crystal. Possible motions are in- 
vestigated in Section 4(c). 

The results for neopentane also cannot be explained 
without involving a motion in addition to rotation of the 
CH; groups and this is also considered in Section 4(c). 


(c) Second Moments for Composite Motions 


The compounds containing CH;, Cl, and Br have 
absorption lines which are narrower below the thermal 
transitions than explainable by rotation of the CH; 
groups alone. These compounds are very nearly spherical 
in shape because of the comparable size'® and tetra- 
hedral arrangement of the groups, so reorientations of 
the whole molecule may occur quite easily. For instance, 
in methyl] chloroform the internal barrier to rotation of 
the CH; group in the free molecule is approximately 2.7 
kcal/mole,® and the onset of rotation or of quantum- 
mechanical tunneling of the CH; group might or might 
not involve rotation of the CCl; group about the 
C—C bond. Rotation of the CCl; group would have 
only a small effect on the proton resonance, but might 
be detected by measurement of the chlorine pure 


1 L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1948), second edition, p. 189. 
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quadrupole resonance.'?7 A motion which is more 
effective in narrowing the proton resonance is rotation of 
Cl—CCl,CH; about the C—Cl bond or what may be 
called a C;’ axis. This is equivalent to a rotation of the 
axis of the CH; group about an axis making with it an 
angle y, of (180-1093)°. Or the molecule may rotate 
about a C,’ axis corresponding to y=109}/2°. The 
latter motion would seem, however, to be less probable 
on steric grounds. 

The value of AH», depends on y and on whether or not 
the CH; groups are assumed to rotate about their C; 
axes in addition. The expected values of AH» are shown 
for the two cases in Fig. 13. The details of this analysis 
will be given in a later paper. It has been assumed in the 
lower curve that the two motions may be averaged over 
separately. It is also assumed that the rotations are 
uniform although the same result would be obtained for 
a rotational motion in an -nodal potential with n> 3.3 
It is likely therefore that the simple calculation is valid 
for nonuniform rotation about C;’ but possibly not for 
C,/ where we may have n=2. 

The simplest explanation of the slight narrowing of 
the resonance in methyl chloroform above —96°C is 
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Fic. 13. Root second mo- 
ments for CH; groups in 
which the C; symmetry axis 
is rotating about another 
axis at an angle of y°. In the 
lower curve, the CH; group 
is assumed to rotate also 
about its C; axis. The C2’ 
and C;’ refer to specific 
modes of motion discussed 
in the text. 
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motion about the C;’ axes. This motion, if sufficiently 
rapid, is seen from Fig. 13 to reduce AH? to 0.8 gauss, 
when it is assumed that the CH; groups are also 
rotating. The contribution to AH» due to external 
broadening should be quite small. The fact that AH? is 
larger than 0.8 gauss at these temperatures could result 
from the additional motion not being rapid enough. The 
thermal transition at —49°C intervenes before the 
maximum narrowing obtains. 

Motion of the molecule about the C;’ axis involves 
motion of the dipole moment of the molecule and so may 
give an increment in the dielectric constant. The square 
of the effective dipole moment, on which the incre- 
ment of the dielectric constant depends, is given by 
pu? cos?(180-1093)°=0.11u? where uw is the molecular 
dipole moment. On this basis one expects an increase in 
dielectric constant of only about one-tenth of that 
occurring at the thermal transition. There are other 
factors such as the crystal anisotropy and the relative 
potential energy of the alternative positions which 
could reduce this increment in dielectric constant com- 


17 Measurements with this object in view are in progress in this 
laboratory. 
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pared with that in the rotator phase. On the simple 
theory of Bloembergen ef al.!® and assuming the correla- 
tion times for the magnetic resonance and dielectric 
relaxation processes to be the same, the measurements 
of dielectric constant reported at 500 cps! should be 
below the critical frequency for this contribution to the 
dielectric constant. We conclude therefore, that a 
rather small change in dielectric constant should occur 
at about —80°C and Crowe and Smyth! do find a small 
increase in dielectric constant at —70°C. However, 
more complicated motions than that discussed could 
also lead to similar effects on the dielectric constant and 
the nuclear magnetic resonance absorption. 

For 2,2-dinitropropane and 2-chloro-2-nitropropane 
motion of the molecule as a whole is much less probable, 
or at least takes place at a much lower effective fre- 
quency. This may be ascribed to the comparatively 
large size and irregular shape of the NOz group and the 
resulting larger energy barriers to motion.’ As already 
shown, the onset of rotational motion of the CH; groups 
is a satisfactory explanation of the low temperature 
transition. In these two substances there is the possi- 
bility that one of the CH; groups in the molecule 
rotates and not the other. The observed value of AH, 
above the line-width transition region shows that both 
CH; groups in the molecule are effectively in motion and 
that any coupling between them or with CH; groups in 
adjacent molecules does not affect the observed nuclear 
magnetic resonance greatly. 

In both #-butyl chloride and ¢-butyl bromide the low 
temperature line-width transition occurs without passing 
through a distinct stage which may be associated witha 
simple rotational motion of the CH; groups. The A; 
values above the transition are about 1.5 gauss, which 
is in the range predicted for combined rotation of the 
whole molecule about the C—X bond and rotation of 
the CH; groups about their C; axes. But a large, 
inaccurately known fraction of the observed AH» must 
come from inter CH; group interactions, and this 
prevents any firm conclusions about the details of the 
restricted, overall molecular motions which must occur. 
Measurements were made on solutions of /-butyl 
chloride in carbon tetrachloride to obtain more detailed 
information by reducing the intermolecular magnetic 
interactions. The results will be discussed in the second 
paper of this series; it is found that neighboring mole- 
cules affect the freedom of motion of the CH; groups 4s 
well as interacting magnetically. 

Neopentane has a low AH? value of 1.2 gauss in the 
temperature range from —185° to —75°C. Over-al 
rotation of the molecule, combined with rotation of the 
methy] groups would reduce the intramolecular broaden- 
ing to zero. However, the intermolecular broadening 
would still be the order of 1 to 2 gauss’, as observed. 
This model appears reasonable in view of the very 
symmetrical form of the neopentane molecule. The 
change in line width near — 70°C could then be assigned 
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to self-diffusion which, if fast enough, would reduce the 
intermolecular broadening to zero. An effective fre- 
quency of self-diffusion of about 10‘ cps is required. A 
narrow line in solid cyclohexane a few degrees below its 
melting point has been interpreted in this manner by 
Andrew and Eades.'* Applying their analysis to neo- 
pentane at — 60°C, the activation energy of self-diffusion 
is estimated to be about 8 kcal/mole. The postulated 
self-diffusion is consistent with x-ray studies,!® which 
reveal a large degree of disorder in the neopentane 
crystal at —50°C. 

The sharp line-width transitions at higher tempera- 
tures to very narrow lines in the other five compounds 
coincide with either thermal or dielectric constant 
transitions or both. These transitions unquestionably 
arise from a relatively cooperative change in the over-all 
molecular rotation and mobility. 

8E. R. Andrew and R. G. Eades, Proc. Roy. Soc. (London) 


A216, 398 (1953). 
A. H. Mones and B. Post, J. Chem. Phys. 20, 755 (1952). 
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(d) The Line-Width Transitions 


In the original work on methyl! chloroform’ an em- 
pirical formula was used to derive from the variation of 
line width with temperature an activation energy for the 
motion leading to the line narrowing. However, our 
present results used in this formula give a curved line 
rather than a straight one from which an activation 
energy could be derived. If, however, the best straight 
line is drawn through the experimental points it would 
correspond to an activation energy of about 2 kcal/mole 
which is rather closer to the barrier restricting internal 
rotation in the free molecule, 2.7 kcal/mole,® than to the 
previous result of 6 kcal/mole. 

The interpretation of the intermediate line shapes in 
the line-width transition regions in terms of the motions 
of the molecules or groups in the crystal will be treated 
in Paper III of this series. 
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Measurements of the proton magnetic resonance absorption in 
solid solutions of ¢-butyl chloride in carbon tetrachloride are re- 
ported for temperatures above —195°C. The results confirm, in 
general, the phase diagram established previously by thermal and 
dielectric measurements. In addition, information is obtained on 
the CH; group and molecular motions in the various phases. 
Rotation of the CH; groups at —195°C depends on the composi- 
tion. In solutions between 34.9 and 70.6 mole percent é-butyl 
chloride there is effective rotation of the CH; groups about their 
C; axes whereas in pure ¢-buty] chloride the CH; groups are fixed 
at this temperature. For some compositions two separate phases 
are formed at low temperatures and the observed absorption 
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agrees with that predicted from the properties and relative pro- 
portions of the protons in the two phases. Somewhat anomalous 
results were obtained for the more dilute solutions. For all compo- 
sitions at temperatures above — 150°C the resonance line narrows 
to about the same value, 3 gauss, and this is shown to be due to 
rotation of the molecule about the C—Cl bond in addition to 
rotation of the CH; groups about their C3; axes. Other possible 
motions are discussed, and the second moment of the absorption 
line is calculated theoretically for complex motions of the CH; 
group. The differences in the freedom of motion of the CH; groups 
in the different phases are attributed to interactions both within a 
molecule and with neighboring molecules. 


















1. INTRODUCTION 


HE proton magnetic resonance absorption and its 
temperature dependence in pure, solid /-butyl 
chloride were included in an earlier paper.! It was found 
that CH; group and molecular rotation occur in the 
solid. The chloride atom and the CH; group are of 
comparable size so a é-butyl chloride molecule can be 
replaced by a carbon tetrachloride molecule without 
much distortion of the lattice, and solid solutions of 
these two compounds exist. The thermal?’ and dielectric? 
properties of the solutions provide a fairly complete 
phase diagram? for the system and also give information 
about the molecular rotation in the various phases. In 
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Fic. 1. Experimental derivative absorption line shapes at 
— 195°C for various mole percentages of ¢-buty] chloride in carbon 
tetrachloride. The abscissas are in gauss and the ordinates are in 
arbitrary units. 


* Supported in part by the U. S. Office of Naval Research. 

1J. G. Powles and H. S. Gutowsky, J. Chem. Phys. 21, 1695 
(1953), afterwards referred to as I. 

2A. Turkevich and C. P. Smyth, J. Am. Chem. Soc. 62, 2468 
(1940). 

3W. P. Conner and C. P. Smyth, J. Am. Chem. Soc. 63, 3424 
(1941). 
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this paper observations of the proton magnetic resonance 
are reported for the solutions. An analysis of the results 
determines the motions of the CH; groups, confirms the 
nature of the molecular motions and of the solid phases, 
and also establishes the dependence of the various types 
of motion upon the concentration and temperature of 
the solid. 
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Fic. 2. Line widths in gauss versus temperature in °C for compo- 
sitions of 18.7, 36.8, and 56.7 percent ¢-butyl chloride. Note that 
the temperature scales are displaced by 50° for the different 
compositions. The cross-hatched region of temperature is that for 
which the dielectric constant is high. 


2. EXPERIMENTAL DETAILS AND RESULTS 


The equipment has been described elsewhere‘ and the 
particular experimental procedures are given in I. The 
derivative of the absorption line with respect to the 
magnetic field was plotted automatically against the 
magnetic field, at different temperatures. Conner and 
Smyth? found more complex behavior of the solutions 
for falling than for rising temperature, so our measure 
ments were made with rising temperature. The sample 
was cooled to the temperature of liquid nitrogen it 
about an hour, and the proton absorption was then 


4Gutowsky, Meyer, and McClure, Rev. Sci. Instr. 24, 64 
(1953). 
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recorded at increasing temperatures until the resonance 
line became narrower than about 0.3 gauss. Ordinarily, a 
run took eight hours; the agreement of line width and 
dielectric constant transition temperatures indicates 
phase equilibrium was maintained, at least in most 
cases. 

In Fig. 1 the derivative line shapes observed at 
—195°C are shown for several mole percentages of 
t-butyl chloride in carbon tetrachloride. The absorption 
intensities in the different curves were chosen arbitrarily 
for graphical convenience. For some concentrations and 
temperatures three pairs of peaks are distinguishable in 
the derivative curves. In all cases, a simple line shape 
with only one pair of peaks was observed at tempera- 
tures above —140°C. The separation between a given 
pair of peaks is defined as a line-width 6H, as indicated 
in Fig. 1. 

The line widths are given in Figs. 2 and 3 as a function 
of temperature for the various concentrations. Two line- 
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Fic. 3. Line widths in gauss versus temperature in °C for 
compositions of 79.8, 96, and 100 percent /-butyl chloride. Note 
that the temperature scales are displaced by 50° for the different 
compositions. The cross-hatched region of temperature is that for 
which the dielectric constant is high. 


width transitions occur in all cases. A large, gradual 
reduction in line width, with increasing temperature, 
starts at about — 185°C and in 10 to 30° the line reaches 
a limiting width of about 3 gauss which persists for 75° 
or more. A sharp transition then occurs at a temperature 
correspondlng to the thermal and/or dielectric constant 
transition, T.P. At temperatures above this transition 
the line-width is less than 0.3 gauss, the lower limit 
measured. In the figures, the cross-hatched regions of 
temperature are those for which the dielectric constant 
is large.® 

The second moments AH,? of the absorption lines 
are useful in analyzing the motions responsible for the 
line narrowing.' Second moments have been calculated 
from the observed absorption, and in Fig. 4 the root 
second moments, AH», are plotted against temperature 
for the different concentrations. The AH» values at 
~195°C are considerably smaller in the dilute than in 
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Fic. 4. Root second moments versus temperature in °C for the 
various systems. The T.P’s indicate the thermal and/or dielectric 
constant transition points. The crosses for the 79.8 and 96 percent 
systems are values computed in a manner described in the text, 
Sec. 3b. 


the concentrated solutions. At higher temperatures 
there are two transitions in AH, paralleling those in the 
line widths. At temperatures just below the high- 
temperature transition, the values of AH, are much the 
same for all concentrations. The low concentration of 
protons in the 10 percent solution gave weak absorption ; 
the resulting less accurate data are not included in 
Figs. 1-3. 


3. INTERPRETATION OF THE RESULTS 


(a) Introduction 


In Fig. 5 there is shown the equilibrium phase dia- 
gram proposed by Conner and Smyth? for the ¢-butyl 
chloride-carbon tetrachloride solid system. A single 
phase is found for all compositions for temperatures 
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above C/JGP. High dielectric constants, indicating 
rotation of some or all of the /-buty] chloride molecules, 
are observed at temperatures above HIJK (—75 to 
— 80°C). A single phase is found for all temperatures 
only for concentrations of /-butyl chloride between 34.9 
and 70.6 mole percent (M and .); and the curve JJ 
gives the transition temperatures for rotation of the 
t-butyl chloride in this concentration range. For bulk 
compositions between zero and M, there is complete 
miscibility at temperatures above the line C/. At lower 
temperatures, carbon tetrachloride separates out until at 
—77°C there is a mixture of carbon tetrachloride and a 
solution of concentration M. Similarly, for bulk compo- 
sitions between NV, 70.6, and 100 mole percent /-butyl 
chloride, ¢-butyl chloride begins to separate out at 
temperatures along the curve JGP until there is a 
mixture of ¢-butyl chloride and a solution of concen- 
tration V at —80°C. The main transition in the 
dielectric constant of pure /-butyl chloride is at —53°C; 
the line LE marks a further small change in the pure 
i-butyl chloride at —90°C, the effect of which is not 
observable in the proton resonance. 

In I, it was concluded from the broad proton reso- 
nance in pure /-butyl chloride that at —195°C the 
over-all molecular motions and also CH; group rotations 
are effectively frozen out. The absorption line starts 
narrowing with increasing temperature at — 190°C, and 
over a range of about 30° arrives at an intermediate 
value corresponding to rotation of the CH; groups as 
well as a restricted motion of the whole molecule. At 
—54°C another sharp transition occurs and the line 
becomes very narrow, marking the onset of over-all 
molecular tumbling, in agreement with the sudden rise 
in dielectric constant. 


(b) Results at — 195°C 


The data on the 36.8 and 56.7 percent solutions are 
considered first since there is only one phase at all 
temperatures. The results for the two solutions are 
nearly identical. AH» is 2.9 gauss at the lowest tempera- 
tures. This value is much lower than the 5.3 gauss found 
in pure /-buty] chloride, proving there are motions in the 
solutions which do not occur at the same temperature in 
the pure compound. The most likely motion is rotation 
of the CH; groups, as found in methy] chloroform.! In an 
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isolated ¢-butyl chloride molecule, steric repulsions 
permit one or two but not all three of the CH; groups to 
rotate at a given instant. The resonance absorption is 
additive in a sample, so for nuclei in two states of 
motion, 





AH? =«A,H?+ (1—x«) AH, (1) 


where A,H,? and A2H;? are the second moments for the 
two states and « is the fraction of nuclei in state 1. The 
AH? values calculated for rotation of one, two, or three 
CH; groups per molecule are given in the first line of 
Table I, neglecting broadening external to each CH; 
group. 

If allowance is made for broadening of the resonance 
by magnetic interactions between different groups, the 
theoretical value of 2.33 gauss for all CH; groups in 
effective rotation about their C; axes compares favor- 
ably with the experimental value of 2.9 gauss. This is 
not incompatible with the probable rotation of only two 
groups per molecule at a time, since lattice and molecu- 
lar vibrations as well as coupling of rotating CH; groups 














TABLE I. Root second moment values for various CH; group and 
molecular rotations in ¢-buty]l chloride.* 















Motion of CH3 groups 


2 CHs fixed 1 CHs fixed 
3 CH; fixed 1 CH; rotating 2 CH; rotating 3 CHs rotating 





Molecular 
motion 











Molecule fixed 4.66 gauss 4.03 gauss 3.30 gauss 2.33 gauss 
C; rotation 2.4 2.0 1.5 0.8 
C;’ rotation® 2.4° 2.1° 1.8° 1.5 
C,’ rotation® 1.7 1.4 1.0 0.0 















8 The computations do not include broadening of the absorption by the 
magnetic interactions external to each CHs group. 

b These terms are defined in Sec. 3c. 

° These AH: values depend on whether the CH: group on the C3’ axis is 
one of the rotating groups. The values given are averages over the possible 
states of motion. 







in adjacent molecules could average the rotation among 
all three groups. The line shapes observed in the two 
solutions are in less satisfactory agreement with the 
theoretical line shapes given in I for rotating CH; 
groups. Similar discrepancies are discussed in I; they 
probably arise from using overly simple broadening 
functions to compute “actual” line shapes from the 
shape for an isolated, rotating CH; group. 

In the samples with over-all compositions of 79.8 and 
96 percent /-butyl chloride below — 80°C there are two 
phases, one of ¢-butyl chloride and the other a solid 
solution of concentration V, 70.6 percent. The observed 
line shapes and second moments in the two-phase 
system should be an average of the absorption in the 
separate phases, each phase weighted according to the 
fraction of the total protons it contains. The data for 
pure /-butyl chloride are in Figs. 1 to 4, as are the data 
for the 56.7 percent solution, which can be used for 
concentration N because the results for concentrations 
in the M to N range are nearly identical. The calculated 
fractions, obtained from the equilibrium diagram, of 
t-butyl chloride in the solution phase of the two phase 
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system are 0.61 and 0.10 for bulk compositions of 79.8 
and 96 percent, respectively. Inserting these fractions in 
Eq. (1), values for AH2 have been computed at various 
temperatures and are plotted as crosses in Fig. 4; the 
calculated results are substantially the same as the 
observed. The agreement at temperatures above — 130°C 
is trivial since the AH» values for the two different 
phases are there about the same. However, below 
—130°C the agreement is good evidence for the 
formation of two phases. 

The line shapes observed for the 79.8 and 96 percent 
compositions should also be a weighted average of those 
observed for the two phases. The line shapes of the two 
phases differ most at low temperatures, and Figs. 6 (a) 
and (b) give calculated line shapes for —195°C, as- 
suming the two phases. The agreement with the experi- 
mental line shapes in Fig. 1 is very striking, particularly 
for the 79.8 percent composition. 

In samples with less than 34.9 percent /-buty] chloride, 
composition M, at temperatures below —77°C one 
would expect to find the absorption characteristic of the 
solution of concentration M, since all of the /-butyl 
chloride should be in this phase. However, at — 195°C in 
the samples of over-all composition 10 and 18.7 percent, 
the absorption lines have outer peaks which are not 
found for the 36.8 percent solution; and the AH values 
are higher. The separation of these outer peaks is close 
to that characteristic of fixed CH; groups, suggesting 
that some of the CH; groups are not rotating. Either 
some of the /-butyl chloride molecules have all of their 
methyl groups effectively nonrotating or else a fraction 
of the molecules have one or two of their methyl groups 
nonrotating. We have not been able to distinguish 
between these alternates nor is it clear just why these 
dilute systems behave as they do. 

The AH» value for the 18.7 percent composition is 3.6 
gauss at —195°C. From this, the fraction of methyl 
groups which are not rotating can be estimated with 
Eq. (1) and is found to be 0.3. The line-shape predicted 
on this basis is given in Fig. 6(c), and compares favor- 
ably with the observed shape shown in Fig. 1. Es- 
sentially the same shape results whether it is assumed 
one CH; group per molecule is fixed or whether 0.3 of 
the molecules are fixed. The 10 percent composition 
gave results very similar to the 18.7 percent, but less 
accurate because of the low concentration of protons in 
the sample. From these results one might infer that only 
two of the methyl groups in each molecule are effectively 
rotating in the phase of concentration M. However, a 
check was made of the absorption by a sample with 30.5 
percent ¢-butyl chloride. In this case at —195°C the 
resonance did not have the outer peaks but was similar 
to that of the 36.8 percent composition, and the AH» 
values in both systems were about 2.3 gauss. This sug- 
gests for over-all concentrations below 34.9 percent the 
coexistence with M of a dilute solution (less than 10 
percent) of ¢-butyl chloride in carbon tetrachloride in- 
stead of pure carbon tetrachloride as assumed in the 
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Fic. 6. Line-shapes for two 
phase systems calculated by adding 
the line-shapes for each phase. 
(a) Bulk composition 79.8 percent 
t-butyl chloride at — 195°C; 0.10 of 
the protons are in the ¢-butyl 
chloride phase, 0.90 are in the 70.6 
percent é-butyl chloride solution. 
(b) Bulk composition 96 percent 
t-butyl chloride at —195°C; 0.61 
of the protons are in the /-butyl 
chloride phase, 0.39 are in the 70.6 
percent ¢-butyl chloride solution. 
(c) The line-shape for a sample in 
which 0.30 of the CH; groups are 
rotating and 0.70 are not. 








phase diagram. At compositions only slightly less than 
M the fraction of protons in the more dilute solution 
would be small and their absorption would be obscured 
by that of phase M. This dilute solution would not need 
to be stable, but could be a nonequilibrium trapping of 
some of the ¢-butyl chloride molecules in the carbon 
tetrachloride lattice. The main requirement is that 
some of the CH; groups be restrained from rotating. 
Also, it is to be noted that the absorption line-width 
transitions at —75°C in the zero-to-M concentration 
range are relatively gradual compared to those found in 
the more concentrated systems. 


(c) Low-Temperature Line-Width Transitions 


For all compositions, upon warming, the line widths 
undergo gradual changes within the range of — 190°C to 
— 150°C to simple lines about 2 to 3 gauss wide. The 
line widths then remain constant for 75° or more. The 
AH; values are also constant, lying between 1.2 to 1.5 
gauss for the various compositions. This is well below 
the 2.33 gauss for isolated, rotating CH; groups and 
proves the presence of some over-all, but restricted, 
molecular motions. 

The simplest motion is rotation of the C;C—Cl 
skeleton about the C—Cl bond, that is, C; rotation of 
the whole molecule. Other motions are rotation of 
CIC,C—C about a C—C bond, which we call C;’ rota- 
tion, and rotation of CIC—C—C, about an intermediate 
axis, C2’ rotation. These molecular motions might occur 
with or without rotation of the CH; groups. The AH, 
values for the various combinations of CH; group and 
the above molecular motions have been computed and 
are included in Table I. Some description of the calcula- 
tions is given in I, while the details of the analysis are 
given in the Appendix. 

Comparison of the observed AH» values with the 
computed values in Table I is complicated by the 
unknown broadening from magnetic interactions ex- 
ternal to each CH; group. The similarity of the line 
widths and -shapes and AH values for all concentrations 
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Fic. 7. Diagram 
for Eq. (A.2). 
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at temperatures above the line-width transition suggests 
the /-butyl chloride molecules are in the same state of 
motion in the different systems. The decrease in AH,’ 
from 1.9 gauss? in pure /-buty! chloride to 1.4 gauss? in 
the 35.8 percent solution would then be a decrease of 
0.5 gauss? in intermolecular broadening. Inter-CH; 
group-broadening within a given moiecule would be 
much the same in the different systems. 

It was concluded in Sec. 3b that all of the CH; 
groups are rotating in the 36.8 and 56.7 percent solu- 
tions at —195°C. So, at higher temperatures, any 
molecular motion occurs in addition to rotation of the 
three CH; groups. The appropriate theoretical AH, 
values in Table I are 0.8, 1.5, and 0 gauss, respectively, 
for C3, C3’, and C.’ molecular rotation. The experimental 
values are about 1.3 gauss, so C; molecular rotation 
appears most likely. This would require external 
broadening of about 0.9 gauss’, which is reasonable. 

If some of the CH; groups were not rotating, none of 
the AH» values for the composite motions considered in 
Table I agrees with experiment, except possibly AH» 
= 1.0 gauss for C2’ rotation of a molecule with only two 
CH; groups rotating. However, C2’ molecular rotation 
involves motion of the molecular dipole moment, and 
there is no indication of this in the dielectric constant 
measurements.’ It is concluded that in all the systems 
over the temperature range indicated there is effective 
C; rotation of the whole molecule and also rotation of 
the three CH; groups. 


(d) High-Temperature Line-Width Transitions 


In all of the samples at temperatures between — 75° 
and —80°C, the line widths undergo transitions with 
rising temperature to lines narrower than 0.3 gauss, the 
lower limit measured. These line-width transition tem- 
peratures are plotted as circles in Fig. 5 where they are 
seen to coincide with changes in the dielectric constant. 
Over-all rotation of the /-butyl chloride molecules and 
the probable resulting increase in translational mobility 
account for both transitions. For the 79.8 and 96 percent 
compositions between —80° and —53°C there should 
still be a broad line from molecules which are restricted 
to C3; rotation in the /-butyl chloride phase. However, 
the ¢-butyl chloride molecules in the phase of composi- 
tion V give a very narrow, intense line above — 80°C, 
and account for the transitions observed. 
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(e) 


The results outlined above provide a coherent physical 
picture of the molecular interactions and motions in the 
solids. In pure ¢-buty] chloride at low temperatures, once 
the CH; groups have enough thermal energy to start 
rotating, all of the molecules as well start rotating about 
their C—Cl bonds. This results probably from the cog- 
wheel shape of the CH; group and a steric type of 
intermolecular coupling.5 In the M to N composition 
range the symmetrical carbon tetrachloride molecules in 
the lattice reduce the intermolecular CH; group 
coupling and permit the CH; groups to rotate at 
— 195°C although the molecules do not. But there is 
still enough coupling so that the CH; rotational energy 
is effectively interchanged among all three CH; groups 
in a molecule, even if only two can rotate at once. The 
easier rotation of the CH; groups in the M to N solu- 
tions is consistent with the easier over-all molecular 
rotation. The rotational transition is at about — 80°C in 
the solutions while in pure ¢-butyl chloride it is 27° 
higher, at —53°C. 


Concluding Summary 


APPENDIX 


The effect of rotational motion about two axes upon 
AH,? for the three-spin system: 


The second moment for the resonance absorption of 
three protons fixed at the vertices of an equilateral 
triangle of side R is 


3 
AH.?= (2/3)a? > (3 cos’@,—1), 


n=l 


(A.1) 


where a= (3/2)uR~- and 6, is the angle between the mth 
side of the triangle and the direction of the main mag- 
netic field. 

The rotational averages are simplified by using the 
following theorem. Consider as in Fig. 7 two lines 
OP, and OP, with polar coordinates 6,, $1; 02, ¢». 
If either line rotates about the polar axis OZ, then 


(3 cos’O:2— 1) = (1/2) (3 cos’?@,—1)- (3 cos’*@2.—1), (A.2) 


a result which follows at once from the spherical 
harmonic addition theorem. 

Consider first the rotation of the triangular group 
about a fixed axis OA. The lines OP,, OP2, and OZ will 
correspond to the magnetic field direction, a side 
of the triangle, and the axis of rotation, respectively. 
In this case 6;, 62 will be 0”, y», the polar angles with 
respect to the axis of rotation. Then 


((3 cos’@,—1)) 


rotation 
about fixed axis 


= (1/2) (3 cos’6”’—1)(3 cos*y,—1). (A) 


If the C; axis of the triangle makes an angle w with the 
5E. R. Andrew [J. Chem. Phys. 18, 607 (1950)] gives an 


interesting detailed analysis along these lines of the moleculat 
rotations in long chain solid hydrocarbons. 
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axis of rotation OA and if the azimuthal orientation of 
the triangle is ¢, then for the mth side 


cosyn=siny- sin @+ (n—1)272/3]. 
Combining Eqs. (A.1)—(A.3) gives 
AH2?= (1/6)a?(3 cos*6’’— 1)? 


(A.4) 


3 
X d [3 sin -sin*{¢+ (n—1)27/3}—1]*. (A.5) 
n=1 
It can be shown that 
3 


LX sin'{p+ (n—1)21/3} = (9/8) 


n= 


3 

> sin*{o+ (n— 1)2x/3} = (3/2), 

n=1 
that is, AH;* is independent of ¢. Substituting these 
values in Eq. (A.4), there results 


AH,?= (1/2)a?(3 cos’6” — 1) (27/8) sinty—3 sin’y+1]. 


If the sample is a crystalline powder all directions of the 
axis of rotation are equally probable, so a spatial average 
over 6’ must be taken, giving finally 


AH?= (2/5)a*[ (27/8) siny—3 sin'y+1]. (A.6) 


Consider next the case in which the triangular group 
rotates about its C3; axis in addition to rotating about 
the axis OA. If the two motions are independent it is 
legitimate to average over each separately. The above 
theorem is used again but now the lines OP,, OP», 
and OZ correspond to a side of the triangle, the 
rotation axis OA, and the C; axis. The polar angles 
;, 02, are now 2/2, ¥ and substituting in (A.2) one finds 


((3 COS*Y n— 1))rotation about 


3 axis 


= (1/2)(—1)(3 cos*y—1). 


(A.7) 
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Substituting (A.7) into (A.3) gives the result 


(( (3 cos’6,— 1))rotation about) rotation 
fixed axis OA about Cs axis 


= — (1/4)(3 cos’6”—1)(3 cosy—1). (A.8) 


Substituting this in Eq. (A.1) and taking a spatial 
average over 6” gives the final result for a crystal 
powder 


AH,?= (a?/10) (3 cos*y—1)?. (A.9) 


Equations (A.6) and (A.9) can be checked by taking 
y=0, which corresponds to rotation about the C; axis 
and reduces the second moment by a factor of (1/4).® 
Values of AH as a function of y have been given 
graphically in Fig. 13 of I. 

Equation (A.8) may be generalized as follows. Sup- 
pose a proton-proton line makes an angle @ with respect 
to the main field H and 6, with respect to an axis of 
rotation which we designate the 1st axis of rotation. If 
the nth axis of rotation makes an angle of 0, with 
respect to the (~—1)th axis and so on, and 6™ is the 
angle between H and the nth axis, then 


(: » ((3 cos’@— 1))- . ‘)n -_ of 
= { (3/2) cos’@:— 3} - -- { (3/2) cos’®,—3 
X {3 cosa —1}. (A.10) 


Because |{ (3/2) cos’?@,—4}|<1 the introduction of 
additional rotations, particularly if these are about axes 
the directions of which are uncorrelated, rapidly reduces 
the magnitude of the average on the left of Eq. (A.10), 
and hence of AH;?. 

We wish to thank Dr. R. Bersohn for several cogent 
suggestions incorporated in the Appendix. 


6H. S. Gutowsky and G. E. Pake, J. Chem. Phys. 18, 162 
(1950). 
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HSi?8Cl;37;_ 1769.84+0.03 for CH;SI*Cl;*; 


and dsici= 2.03A. 


(Received June 18, 1953) 


From measurements of pure rotational transitions in the microwave region, the following molecular con- 
stants have been obtained. The Bo values are in Mc/sec, 2472.45+0.04 for HSi?8Cl;%5; 2346.07 +0.04 for 
1699.79+0.03 for C#H;Si*Cl,%7; 
(C®H3)3Si8CI5; and 2147.88+0.03 for (C!*H;)3Si*CI7. With dgsin=1.47A (assumed), it is found for SiHCl; 
that dsic:=2.021A and 7 CISiCl=109°22’. With the CH; configuration assumed as in methane and / CISiCl 
as in SiHC]; it is found for CH;SiCl; that dgic=1.876A and dgic:=2.021A. With all bond angles assumed to 
be tetrahedral and the CH distance to be that in methane, it is found for (CH3)3SiC] that dsic=1.87A 


2197.44+0.04 for 








REVIOUS microwave investigations of CHCl; and 
CH;CCl; in this laboratory! have shown that 
moments of inertia can be obtained and structural 
parameters calculated from the microwave rotational 
spectra of trichloro compounds without resolution and 
analysis of the complicated hyperfine structure caused 
by the Cl nuclear quadrupole interactions. This is done 
by the measurement of rotational transitions of medium 
or high J values. Because the nuclear quadrupole 
splitting, like the Stark or Zeeman splitting, decreases 
rapidly with increasing J, it becomes relatively in- 
significant in Cl compounds (eQqg~70 Mc) for J greater 
than about 5. Even for bromoform? (eQqg~500 Mc) it 
has proved possible to obtain accurate moments of 
inertia without analysis of the hyperfine structure by 
measurements of high rotational transitions (J>10). 
The present paper describes similar investigations of 
HSiCl; and CH;SiCl;. Partial and approximate struc- 
tural determinations of these molecules have previously 
been made from electron diffraction.? Although more 
accurate determinations have been made in the present 
study, the structural information on these molecules 
is still incomplete. In particular, the CH and SiH 
distances and HCH angles are yet to be evaluated. 

It has been shown that the tertiary butyl halides‘ 
have microwave rotational spectra characteristic of 
symmetric-top molecules. Furthermore, the carbon 
halogen distances in these molecules are essentially 
the same as those for the methyl halides. The present 
report deals also with the microwave spectrum and 
molecular dimensions of the structurally similar 
molecule (CH3;);SiCI. 


t This research was supported in part by The U. S. Air Force 
under Contract No. AF18(600)-497 monitored by the Office of 
Scientific Research, Air Research and Development Command, 
and by a grant from The Research Corporation. 

* Part of this work was done while this author held a Frederick 
Gardner Cottrell Fellowship and part while he held a Texas 
Company Fellowship. It was submitted by him as part of a 
thesis required for the Ph. D. degree at Duke University. 
aos” Trambarulo, and Gordy, J. Chem. Phys. 20, 605 

? Williams, Cox, and Gordy, J. Chem. Phys. 20, 1505 (1952). 

3 P. W. Allen and L. E. Sutton, Acta Cryst. 3, 46 (1950). 

‘J. Q. Williams and W. Gordy, J. Chem. Phys. 18, 994 (1950). 
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EXPERIMENTAL METHOD 


The spectra were observed with a Stark modulation 
spectrometer. A 100-kc square-wave modulation was 
employed with the receiver tuned to the fundamental 
frequency. In most instances the frequency sweep 
method was employed, and the lines were displayed on 
a cathode-ray scope. In this type of observation a 
National HRO receiver was employed to amplify the 
signal. The lines of the weaker isotopic combinations 
were observed with an automatic pen-and-ink recorder 
(Esterline-Angus), so that a phase-sensitive detector 
and narrow-banded amplifier could be used. 

The absorption cell was made of a 20-foot section of 
X-band wave guide with the center electrode supported 
with Teflon in the manner described by McAfee, 
Hughes, and Wilson.°® 

Line frequencies were measured in the usual manner 
with a frequency standard monitored by comparison of 
the lowest frequency in the multiplier chain, 5 Mc, 
with the standard 5-Mc frequency broadcast by station 
WWVy. 

All chemicals used were obtained from Anderson 
Laboratories. 















SPECTRAL CONSTANTS 


Table I gives the observed frequencies. Where the 
error limits are 0.5 Mc or less, the lines were measured 
with standard frequency markers. Other lines were 
measured with a cavity wave meter only. For those 
lines measured with the frequency standard, the 
limiting factor in the accuracy is the broadness of the 
lines caused by the unresolved K components and by 
hyperfine structure. 

The species having mixed Cl isotopes are actually 
asymmetric tops, although they may be considered 
symmetric tops in the first approximation. The mixed 
species were treated as symmetric tops in assignment 
of the frequencies for Table I. The frequencies given 
in these cases are the wave-meter readings taken with 
the wave-meter pip set at the center of a group o 
partially resolved lines. The asymmetry here splits the 
transition into several components which, however, 
are too closely spaced for advantageous use in the 


5 McAfee, Hughes, and Wilson, Rev. Sci. Instr. 20, 821 (1949). 
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TABLE I. Frequencies of observed transitions. 








Molecule 


Transition 


Frequency 
(Mc/sec) 


HSiClI;, CH;SiCl:, 





H-Si?®C1,%° 


H-Si28C],°5C}37 


H-Si?8C}5C],37 


H-Si?C],%7 


CH;-Si?6C];° 


CH;-Si?®C1 °C}? 


CH;-Si-ClC],57 


CH;-Si-Cl3*? 


(CH;)3-Si-Cl 


(CH3)5-Si-C}*? 


J=5-6 
6-7 
7-8 
8-9 
5-6 
6-7 
7-8 
8-9 


7-8 


6-7 


29 669.87+0.5 
34 614.34+0.5 
39 560+ 10° 
44 500+ 10* 


29 140+ 20° 
34 000+ 20* 
38 83441 

43 690+ 10* 


38 180 10* 


28 152.85+0.5 
32 845.02+0.5 


31 840+ 20° 
35 396.7140.5 
38 950+ 20° 
42 500+25* 


31 410+ 10+ 
34 902.3+0.5 
38 400+ 10° 
41 900+ 20* 


30 980+ 208 
34 400+ 20° 
37 900+ 208 
41 310+20* 


30 596.09+0.5 
33 995.81+0.5 


21 974.00+0.3> 
30 762.89+0.2 


35 107.16+0.3 
35 133.7140.3 
35 157.01+0.3 
35 198.47+0.3 
35 219.92+0.3 


39 550.89+0.3 
39 597.95+0.3 


| 39 524.50+0.3 
39 622.21+0.3 


{34 317.44+0.5 
34 343.2040.5 
34 366.12-0.5> 
34 406.36-40.5 
| 34 426.86-0.5 


{38 607.26-0.5 
38 636.09-40.5 
38 662.28-+0.5 
38 707.4440.5 





(38 731.09+0.5 








* Frequencies measured with cavity type wave meter. 


> Ground vibrational state. Frequencies unmarked by a or b are presumed 
to belong to higher vibrational states in the case of (CH:)sSi-Cl. 


structural determinations. Hence, no effort was made to 
measure each component. 

Table II gives the Bo values and moments of inertia 
for the symmetric-top species measured. They were 
determined from the equation 


v=2Bo(J+1)—4Ds(J +1)?— 2D sx(J+1)R?, 


(CH;)sSiCl 1711 


in which D; and D,x are assumed to be zero. Actually, 
these constants are not zero but are evidently negligible 
here, since their effects on the spectra could not be 
observed for the transitions measured. The moments of 
inertia are obtained from the Bo’s by J=h/8n*Bo. 

The composite line widths measured between half- 
power points were in all cases less than 10 Mc. For 
molecules with large moments of inertia about the 
symmetry axes, as these have, there is little decrease 
in the population of the states with decreasing K up to 
the highest K’s involved in the present measurement. 
If nuclear statistics are neglected, the line intensity 
should decrease with K approximately as (1—K?/ 
(J+1)?. This factor, which results from the dipole 
matrix elements, indicates that the lines for K=6 of 
the J=8— 9 transition would be approximately half as 
strong as the K=O line. From the slope and width of 
the observed lines it is apparent that the K=6 com- 
ponents of SiHCl; must be within 5 Mc of the K=0 
component. This requires that Dsx<10 kc. From 
considerations similar to those described for HSiCl; it 
can be shown that D;x<10 kc also for CH;SiCl;. 

In CH,SiCl; there are two symmetrical groups, CH; 
and SiCl;, and if these groups could rotate independ- 
ently the quantum number K for rotation about 
the symmetry axes would consist of two parts, K 
=|K,+K,|, where K; and Ky, are integers or zero. 
Because of the interaction between the CH; and SiC]; 
groups, the internal rotation is restricted, and it is 
more correct in the present consideration to treat the 
relative movement of CH; and SiCl; as_ torsional 
oscillation rather than as free internal rotation. 
Theoretically, it should be possible to obtain a value 
for the frequency of the torsional oscillation and the 
height of the restricting barrier from a comparison of 
the intensities of the rotational lines in the ground 
and excited torsional oscillation states. Such has been 
done® for CH;SiF; and the restricting barrier found to 
be 1200 cm™ in this molecule. Because of the broadness 
and complexity of its lines caused by the Cl nuclear 
coupling, no similar intensity measurements were 
undertaken for CH;SiCl3. 

The rotational lines of (CH;);SiC] were found to fall 
closely in a harmonic series characteristic of a symmetric- 
top rotor. Several lines were observed for each transition. 
These lines are too widely spaced to be either Cl quad- 


TABLE II. Rotational constants. 








I B(X10gem?) 


338.291 
357.573 
473.995 
493.527 
381.178 
390.567 


Bo(Mc/sec) 


2472.489+0.041 
2346.071+0.042 
1769.836+0.025 
1699.791+0.025 
2197.441+0.038 
2147.883+0.031 


Molecule 


H-Si-Cl,*5 
H-Si-Cl;%7 
CH;-Si-Cl;* 
CH;-Si-Cl;*7 
(CHs)3-Si-Cl* 
(CHs)3-Si-Cl” 











6 (a) H. Minden and B. P. Dailey, Phys. Rev. 82, 338 (1951); 
(b) J. Sheridan and W. Gordy, J. Chem. Phys. 10, 965 (1951). 



























































Fic. 1. Recording tracing of the 7-8 transition 
of (CH3)3SiCI*. 


rupole hyperfine structure or K components sepa- 
rated by centrifugal distortion. Nor do they have 
the proper pattern to represent either of these types of 
structure. They are believed to arise from molecules 
in different vibrational levels. The strongest line ob- 
served for each transition was taken to represent the 
lowest vibrational level and was used for the calculation 
of the molecular dimensions. Measurements of relative 
intensities at different temperatures tend to confirm 
this choice. Had another of the group been chosen for 
this purpose the results would have been essentially 
the same, provided that the corresponding line in the 
different isotopic species had been used. The corre- 
sponding line in the different transitions yields the same 
value within the limits of experimental error for Bo. 
This is the feature which proves the symmetric-top 
structure. 

A recorder tracing of one of the transitions of 
(CH;)3Si?8Cl® is shown in Fig. 1. Note that the tallest 
line is also the sharpest. Indeed, the degree of its 
sharpness is surprising. Its width measured between 
half-power points is only 3 Mc. This small width re- 
quires that the centrifugal stretching constant Dyx 
be of the order of 3 kc or less. The width of this line 
is of the magnitude expected from the unresolvable 
hyperfine structure caused by the Cl** nuclear quadru- 
pole coupling alone, with Dyx=0. 

Of interest is the fact that all other lines are signifi- 
cantly wider (about two times wider) than the tallest 
one. This difference in width is too great to be attributed 


TABLE III. Molecular structures. 











Molecule Structure 
SiHC],; ZCISiC]= 109°22’+15’ 
dgic1= 2.021+0.002A 
(dsig=1.47A assumed) 
CH;SiC]l; dgic= 1.876A 
dsici=2.021A 
(Assumptions: CH; configuration as in 
methane and /CISiClI as in HSiC];) 
(CH3);3SiC] dgic=1.87A 
dgici=2.03A 
(Assumptions: dcH=1.093 and all 


angles tetrahedral.) 
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to differences in quadrupole coupling in different 
vibrational states. It must arise from a closely spaced 
sublevel structure of the over-all vibrational state in 
which the molecules reside when making the rotational 
transition which is observed. Indeed, this is just what 
is expected if the vibrational states represent torsional 
oscillations of the CH; groups. The complicated 
problem of the internal rotation or torsional oscillation 
of three mutually interacting groups of this kind has 
not to our knowledge been attacked theoretically, 
However, in the simpler problem of a single particle 
oscillating in a potential field of several equal minima 
separated by potential barriers of equal height, it is 
known that the vibrational levels, even the ground 
vibrational levels, are all split into sublevels. The 
effect of this sublevel structure on the rotational 
levels of CH;SiF3, in excited torsional oscillation states 
has been resolved.** The sublevel splitting is greater 
the less the barrier height is above the particular 
excited level. 

While it seems highly probable that the unusual 
structure exhibited in Fig. 1 results in the main from 


TABLE IV. Comparison of observed and 
calculated bond lengths. 








Observed length in A 





Electron Calculated 
Molecule Bond This study diffraction* length in A> 
HSiC]l; SiCl 2.021 1.98—2.05(+0.03) 2.08 
CH;SiCl; 2.021 2.01(+0.02) 
(CH3)3SiCl 2.03 2.09(+0.03) 
CH;SiCl; SiC 1.876 1.89 
(CH3)3SiCl 1.87 1.89(+0.03) 








a From review by P. W. Allen and L. E. Sutton, Acta Cryst. 3, 46 (1950). 
> Calculated with d4p =ra+rp—0.06 |x4—xpl. 


the torsional oscillation of the three CH; groups and 
their interaction with rotation and with other vibra- 
tional modes, we have not yet been able to account 
quantitatively for the observed features. Further 
experimental work is planned on this and similar 
trimethyl molecules in the hope that the theoretical 
approach will thereby be made simpler. If the lines 
toward higher frequencies from the most intense line 
are considered to represent molecules in excited states 
of the same mode, the fundamental frequencies of 
the mode can be estimated from the relative intensities 
to be roughly 100 to 150 cm™. 


MOLECULAR STRUCTURES 


Since only two symmetric-top species were measured 
and since there are three unknown parameters, it is 
necessary to assume one of the parameters in SiHCl in 
order to calculate the other two. The SiH distance was 
chosen as the one to be assumed, because the probable 
errors in the guessing of this distance causes little error 
in the other two parameters. Because of the light mass 
of the H, small variations in dsiq change the moments 
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MICROWAVE SPECTRA OF HSiCl;, 


of inertia but little. Furthermore, Gordy, Smith, and 
Trambarulo’ have shown that the lengths of a large 
number of bonds formed by hydrogen with different 
elements A fit the rule, 


dan=rat0.32— .06| xa—2.1| 


within +0.02. Here r4 and x, are the covalent radius 
and electronegativity, respectively, of the atom A. 
For Si, ra is 1.17A, xa is 1.8, and the calculated dgjx is 
147A. This value is assumed in the calculation of the 
dsic) and Z CISiC] listed in Table ITI. 

In calculating the structure of CH;SiCl; it was 
necessary to assume not only the CH; configuration but 
also one other parameter. Therefore, the calculated 
parameters have less significance than those for HSiCl;. 
We assumed the CH; configuration as in methane and 
the Z CICCI found for HSiC];. 

For (CH;)3;SiCl we have assumed all bond angles 
to be tetrahedral and the CH distance to be that in 
methane, 1.093A. With these assumptions reasonable 
values were obtained for the CSi and SiClI distances. 


"Gordy, Trambarulo, and Smith, Microwave Spectroscopy 
(John Wiley and Sons, Inc., New York, 1953), Chap. 8. 


CH;:SiCl;, (CH;)sSiCl 1713 
These values are close to those of the same bonds in 
CH;SiCl;. 

The bond distances obtained are compared in Table 
IV with those calculated from the revised’? Schomaker- 
Stevenson rule and with those obtained from electron 
diffraction. It will be noted that the observed SiC] 
distances are 0.06A shorter than the calculated values. 
This extra shortening is in addition to that attributed 
to ionic resonance and already taken into account 
in the calculated values. It can be attributed to double- 
bond character in the SiCl bonds. It has been shown®:’ 
that the second-row elements, particularly Si, show a 
special tendency to use the 3d orbitals to augment 
their valency. A reasonable representation of the elec- 
tronic ground state of these molecules would be a 
resonant hybrid with the forms 

Cl cr co 
G 
x—Si-—Cl X—Sit—Cl 
% . » \ 
Cl Cl Cl 


being the principal contributing ones. 
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Microwave Spectrum and Molecular Structure of Trichloro Germane* 


PuTCHA VENKATESWARLU, RICHARD C. MOCKLER,t AND WALTER GORDY 
Department of Physics, Duke University, Durham, North Carolina 


(Received June 18, 1953) 


From measurements of the pure rotational transitions in trichloro germane, the rotational constants Bo 
(in megacycles/sec) for the various isotopic modifications of the molecule were found to be: 2172.75 for 
HGe™Cl,*, 2169.26 for HGe”C1;*, 2165.84 for HGe™Cl;**, 2063.74 for HGe™C1;57, 2060.43 for HGe”C1,%7, 
and 2057.20 for HGe™Cl;*’. The calculated structure from the above data for the molecule in the ground state 
is: dgen=1.55+0.04A, deeci=2.1139+0.0010A, and ZClGeCl=108°17’+12’. Rotational lines for the 
molecule when it is in the two excited GeCl; deformation vibrations are also measured and the corresponding 


molecular structures calculated. 





INTRODUCTION 


HE structures of but few germanium molecules 

are known. The symmetric-top molecules GeCl,, 
GeBr;, Gel,, and Ge.Hs have been investigated by 
electron diffraction,! GeH, by infrared? spectroscopy, 
and the halides GeH;Cl, GeH;Br, and GeF;Cl by 
microwave spectroscopy. No previous structural in- 
vestigations, so far as we know, have been made on 


*This research was supported by the United States Air Force 
under Contract No. AF18(600)-497 monitored by the Office of 
lentific Research, Air Research and Development Command. 

t Texas Company Fellow, now at University of Kentucky. 

P. W. Allen and L. E. Sutton, Acta Cryst. 3, 46 (1950). 

*G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945). 

*Dailey, Mays, and Townes, Phys. Rev. 76, 137 (1949); 
Sharbaugh, Pritchard, Thomas, Mays, and Dailey, Phys. Rev. 
HA (se Anderson, Sheridan, and Gordy, Phys. Rev. 81, 


trichloro germane GeHCl; which is the subject of the 
present investigation. 








Fic. 1. Recording tracing of the J/=8-9 transition of HGeC1,** 
for various Ge isotopes. The strongest line of each set corresponds 
to the ground vibrational state; the two to the left of each of 
these correspond to the GeCl; deformation vibrations. 
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TABLE I. Observed rotational frequencies of HGeCl; 
in the ground state. 








Frequency* 
Mc/sec 


Transition 
a ’ =—J’ 
45 
5-6 
6-7 
7-8 
8-9 


45 
5-6 
6-7 
7-8 
8-9 


455 
5-6 
6-7 
7-8 
8-9 


8-9 


Bev/2J’ 


2172.83 
2172.77 
2172.77 
2172.72 
2172.74 


2169.31 
2169.25 
2169.29 
2169.23 
2169.28 


2165.92 
2165.91 
2165.85 
2165.79 
2165.83 


2063.74 


2060.44 
2060.42 
2060.44 


2057.21 
2057.19 
2057.20 





21 728.34> 
26 073.24 
30 418.73 
34 763.48 
39 109.31 


21 693.05° 
26 031.05 
30 370.06 
34 707.67 
39 047.07 


21 659.15 
25 990.93 
30 321.85 
34 652.66 
38 984.86 


37 147.40 


32 967.08 
37 087.62 
41 208.73 


32 915.41 
37 029.43 
41 144.02 


HGe”C),;*% 


HGe*™Cl 395 


HGe”C],37 
HGe”C]1,37 7-8 
8-9 
9—10 


7-38 
8-9 
9-10 


HGeC),°? 








® The absolute frequencies are probably accurate to +0.7 Mc but the 
isotopic frequency differences are more accurate. 

b These lines are not well separated from the nearby lines corresponding 
to the excited vibrational states. 


The method of investigation is the same as that 
described in the accompanying paper* on HSiCl; and 
CH;SiCl;. The sample of GeHCl; used was obtained 
from Anderson Laboratories. It was found to be rela- 
tively unstable at room temperatures and was kept at 
liquid air temperatures when not in use. Nevertheless, 
it was found necessary to repurify the sample at fre- 
quent intervals by fractional distillation. 


SPECTRAL FREQUENCIES AND CONSTANTS 


As in HSiCl; it was found possible to ignore the Cl 
quadrupole hyperfine structure in the spectrum. 
Fortunately also the Dx in this molecule is sufficiently 
small that the separation of the lines of different K are 
not resolved even at pressures of the order of 10-* mm 


TABLE II. Molecular constants of HGeC]l; 
in the ground state. 








Bo I p(observed)* J gB(calculated)> J 4 (calculated)> 
Mc/sec (g cm? X10-40) (g cm? X107*) (g cm? 1074) 


2172.75 386.099 
2169.26 386.722 
2165.84 387.331 
2063.74 406.497 
2060.43 407.149 
2057.20 407.788 





681.551 
681.551 
681.551 
720.502 
720.502 
720.502 


386.101 
386.722 
387.333 
406.496 
407.149 
407.788 


HGe”C1;35 
HGe”C1;55 
HGeC1,; 
HGeC],37 
HGe”Cl;*7 
HGe™C);*7 








a Obtained from the observed Bo values using h =6.6237 X107?? erg sec. 
> Calculated from the molecular structure given in Table V. 


4 Mockler; Bailey, and Gordy, J. Chem. Phys. 21, 1710 (1953). 


MOCKLER, AND GORDY 


of Hg. These facts not only simplified the analysis of 
the spectrum but also made it possible to detect 
rotational lines of isotopic species of low abundance, 
Even without the complications of hyperfine structure 
and separation of K components, the rotational spec- 
trum of HGeC]; is fairly cluttered with lines of different 
isotopic species (germanium has 3 relatively abundant 
isotopes and Cl has two) and with lines of molecules in 
excited vibrational states. By careful examination and 
precise measurement of the different lines of several 
rotational transitions, it was possible to correctly assign 
the different lines observed to different molecular 
species. 

Figure 1 is an automatic recording of the rota- 
tional lines of the molecules HGe”Cl;*°, HGe”C],*, 
HGeCl,;*5, and HGe™Cl;* corresponding to the transi- 
tion J =8—9. The lines are only about 4 Mc in breadth. 
This sets an upper limit of 4 kc for Dyx. 


TABLE III. Observed rotational frequencies of HGeCl; mole- 
cules in the lowest excited vibrational state. 








: Transition Frequency By 
Species J"—J' Mc/sec B=v/2J' average 


HGe”C],55 21 733.38" 2173.34 
26 080.10 2173.34 
30 426.84 2173.35 
34771.98 2173.25 
39 118.91 2173.27 


21 696.76 2169.68 
26 035.67 2169.64 
30 376.20 2169.73 
34715.29 2169.71 
39 055.31 2169.74 


2166.25 
2166.25 
2166.24 
2166.19 
2166.23 





4-5 
5-6 
6-7 
7-8 
8-9 


2173.30 386.004 


HGe”C];35 4-5 
5-6 
6-7 
7-8 
8-9 2169.70 386.644 
21 662.45 
25 995.03 
30 327.36 
34 659.03 
38 992.19 


HGeC);35 45 
5-6 
6-7 
7-8 
8-9 


2166.23 387.268 








a The lines indicated by * are not well separated from the nearby lines 
corresponding to the ground state. 


The line frequencies for the ground vibrational state 
are given in Table I. Spectral constants obtained from 
these are listed in Table II with those calculated from 
the molecular dimensions which were assigned. In 
calculating the spectral constant By with the equation, 


v=2Bo(J+1)—4Ds7(J+1)?— 2D sx(J+-1)K, 


the terms in D; and Dsx were neglected. The accuracy 
and resolution obtained did not allow an evaluation 
of these extremely small stretching constants D, and 
D sx in this molecule. However, the results do set the 
upper limit for Dyx<4 ke and for D;<2 kc. 


MOLECULES IN THE EXCITED VIBRATIONAL STATE 


The molecule HGeCl; belongs to the point group C» 
and will have six fundamentals of which three belong 
to the species A; (totally symmetric), and the other 
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MICROWAVE SPECTRUM AND STRUCTURE OF HGeCl; 


three to the species E (doubly degenerate). All the 
six fundamentals are both Raman and infrared active. 
Volkringer, Tchakirian, and Freymann® investigated 
the Raman spectrum of HGeCl; in HC! solution and 
obtained four lines at 131, 162, 251, and 315 cm™, of 
which the first two probably correspond to the two 
GeCl; deformations. The low values of these frequencies 
indicate that there would be appreciable number of 
molecules in these excited vibrational states at the room 
temperature and also at lower temperatures. 

Figure 1 shows clearly the rotational lines when the 
molecule is in two different excited states besides the 
main lines corresponding to the molecule in the ground 
state. The excited states presumably correspond to the 


} GeCls deformation vibrations [v3(a1) and ve(e) ]. The 


frequencies of the rotational lines corresponding to the 
more populated vibrational state (which probably 
corresponds to the lower-frequency GeCl; deformation 
vibration) of the Cl*® species are given in Table III. 
A few of the rotational lines corresponding probably to 


TABLE IV. Observed rotational frequencies of HGeCl; molecules 
in the second-lowest excited vibsational state. 








I By 
(g cm? 
X 10-4) 


385.957 
386.598 


387.206 


Frequency 
Mc/sec By 


34 777.01 2173.56 
34 719.42 2169.96 
30 332.33 2166.59 
34 664.83 2166.55 


Transition 
Species J’—J' 
HGe”C1,%5 
HGe”C],35 
HGe™4C],,35 





7-8 
7-8 
6-7 
7-8 








the higher-frequency GeCl; deformation vibration are 
also measured and their frequencies given in Table IV. 
The corresponding B, and JB, values are also included 
in Table III and IV. 


MOLECULAR STRUCTURE 


The molecule GeHCl; has only three independent 
structural parameters whereas six isotopic species were 
measured (Tables I and II). More than enough infor- 
mation is therefore available to obtain a complete 
structural determination of the molecule. The calcu- 
lated dimensions are given in Table V in which the 
structure of ClGeH; is also included for comparison. 
Asa check on the internal consistency, these values were 
used to calculate J values for all six isotopic species. 
These are compared with the measured values in 
Table II. This comparison was useful in the assignment 
of probable errors in the structural dimensions obtained. 


ae Tchakirian, and Freymann, Compt. rend., 199, 292 


( 


TABLE V. Structure of HGeCl,;* and ClGeH3. 








Molecule 
XGeY:3 


HGeCls 

in the ground 
state 

HGeCls 

in the low frequency 2.1141 +0.0010 
GeCls deformation 
vibration 


dgeCi dGeH ZYGeY 





2.1139 +0.0010 1.55 +0.04 108°17’ +12’ 


1.55 (assumed) 108°3’ +12’ 


HGeCls; 

in the high frequency 2.1138 +0.0010 
GeCl; deformation 
vibration 


1.55 (assumed) 108°8’ +12’ 








a The following values were used for the various constants involved for 
the determination of the structure of HGeCls: MGe,, =73.9426, MGe., 


=71.9430, MGe,, =69.9447, My =1.00813, Mc),,=34.97867, Mc},, 
=36.9777 all in a.m.u. and Avogodro’s number N =6.0250 XK 10%. 


The errors in the calculated structural dimensions will 
probably not be more than +0.001A for dg.ci, +0.04A 
for dagen, and +12’ for ZClGeCl. The large error 
assigned to dg-n results from the small effects on the 
moments of inertia of the variation in this parameter 
and probably also from the large zero-point vibration 
energy of the light H. 

It is of interest that the GeCl distance is within 
0.02A of that calculated with the revised Schomaker- 
Stevenson rule® 


dap=ratre—0.06|x41—xa|t 


and that the GeH distance is within the limits of error 
of the value 1.52A calculated with this rule if the 
revised value 0.032 of the H radius is employed. The 
fact that the observed GeCl! distance is only slightly 
greater than the calculated value suggests that there 
is only a small amount of double-bond character in the 
GeCl bond. Contrast this with the SiCl bond in HSiCl; 
discussed in the accompanying paper. 

It is of interest to compare the structural dimensions 
of the molecule in the excited deformation vibrational 
states with those in the ground state. Assuming dgen 
to be the same as in the ground state (this is a good 
approximation as the vibrations correspond to GeCl; 
deformations), we obtain from the observed spectral 
constants the values for dg.c: and ZClGeCl. These 
values for the two lowest excited states are listed in 
Table V. The differences in the 7ClGeCl for the 
different states concerned, though small, are more 
pronounced than the differences in dg.c: values. This, 
of course, is understandable as the vibrations of the 
excited states correspond to the GeCl; deformations. 

6 Gordy, Smith, and Trambarulo, Microwave Spectroscopy 
(John Wiley and Sons, Inc., New York, 1953). 


t |xa—xs| represents the electronegativity difference of the 
bonded atoms, and ra and rg their respective radii. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 21, 





NUMBER 10 OCTOBER, 


Excluded Volume in Polymer Chains 
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This discussion is concerned with the excluded volume effect in polymer chains, i.e., the mathematical 
problem of random flights with correlations between the flights, which is of importance in relating the mean 
size of a chain to its structure. A general formulation of the problem is set up and compared with the theory of 
Markoff processes. It is shown that although an integral equation of the Markoff form for the distribution 
function exists, it contains a complicated function whose exact evaluation is difficult. Since the same function 
occurs in the problem of the osmotic second virial coefficient, it is natural to relate the excluded volume effect 
to the second virial coefficient. The results of preliminary numerical calculations for the relation between the 
mean square radius of the chain and the second virial coefficient, in good agreement with experiment, are 
given. It is concluded that the volume effect is certainly not negligible for real chains, except when the second 
virial coefficient is zero, and that the effect increases with increasing chain length. 





1. INTRODUCTION 


N recent years many attacks have been made on the 
problem of the so-called excluded volume effect in a 
polymer chain, and in this paper we report some of our 
efforts in this direction. The effect arises when con- 
sideration of the actual volume of chain elements is 
introduced into the classical random-flights problem. In 
complete form, the solution to the problem would specify 
the probability distribution of all configurations of the 
chain in such fashion that various average quantities of 
physical interest could be readily found. However, most 
of the published work has been confined to a more 
limited problem, that of the mean square distance (L’) 
between the ends of a chain of WN links, and the 
asymptotic behavior of (Z?)/N for large N has been of 
particular interest. 

The problem is to find the effect on the chain di- 
mensions of interactions between nonbonded pairs of 
chain atoms. For a true random-flight chain of W links, 
without interactions, the well-known result for large N is 


(L?)= Ne’, (1.1) 


where a is the length of a link. We shall term “short- 
range” all interactions, such as fixed valence angles and 
hindered rotation about bonds, between atoms that are 
near neighbors. These do not change the form of Eq. 
(1.1), but do change the value of the constant a, which 
then becomes different from the actual length of a 
link.!* Tchen*® has shown that all interactions between 
pairs of atoms separated by only a finite number of 
links cannot change the asymptotic proportionality of 
(L?) to N as N approaches infinity. In such cases the 
constant a becomes the “statistical chain element”’ of 
Kuhn.*! 


* This work was supported in part by the Office of Ordnance 
Research under contract with the Massachusetts Institute of 
Technology. 

1W. J. Taylor, J. Chem. Phys. 15, 412 (1947). 

*H. Benoit, J. Polymer Sci. 3, 376 (1948). 

3C. M. Tchen, J. Chem. Phys. 20, 214 (1952). 

4 W. Kuhn, Kolloid-Z. 68, 2 (1934). 
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In contrast to the situation with respect to short- 
range effects, little agreement exists about the long- 
range effects caused by the general van der Waals 
interactions among nonbonded chain atoms. Three dis- 
tinctly different conclusions have been reached by 
various workers. 

(a) The effect is negligible, so that (Z*) retains exactly 
the value it would have if long-range interactions were 
absent.*~7 

(b) The effect increases (LZ?) but does not alter its 
proportionality to N; ie., it behaves just like the 
“short-range” effects discussed above.*-” 

(c) The effect causes (LZ?) to become asymptotically 
proportional to a power of N higher than the first ;4"” 
or at least (Z?)/N does not approach a finite limit as V 
increases without limit. 

Of these, the first point of view is surely incorrect. 
Two of the papers in this group®:* have already been 
adequately criticized elsewhere,’ while that of Grimley’ 
is rendered invalid at the start by his choice of partition 
function, in which a set of interdependent probabilities 
is treated as though they were independent. Very re- 
cently Rubin," in a discussion with very much the same 
point of departure as our own treatment, has definitely 
rejected the alternative (a). 

It is more difficult to decide between the other 
alternatives (b) and (c). The studies*” leading to (b) 
all treated the problem as that of a Markoff process, 
maneuver that can easily lead to errors," as we shall also 
show. On the other hand, the present theories indicating 


5 J. J. Hermans, Rec. trav. chim. 69, 220 (1950). 

6H. Hadwiger, Makromol. Chem 5, 148 (1950). 

7T. B. Grimley, Proc. Roy. Soc. (London) A212, 339 (1952). 

8 E. W. Montroll, J. Chem. Phys. 18, 734 (1950). 

® Hermans, Klamkin, and Ullman, J. Chem. Phys. 20, 1360 
(1952). 

10 P, Debye and R. J. Rubin, Phys. Rev. 87, 214 (1952). 

1 P. J. Flory, J. Chem. Phys. 17, 303 (1949). 

2M. Yamamoto, Busseiron Kenkyt 44, 36 (1951); Chem. 
Abstracts 46, 1844 (1952). 

18R. J. Rubin, J. Chem. Phys. 20, 1940 (1952). 

4K. Suzuki, J. Chem. Phys. 19, 385 (1952). 
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EXCLUDED VOLUME IN POLYMER CHAINS 


(c) also involve many approximations. On the whole, we 
are inclined, on the basis of existing experiments!® as 
well as theory, to favor view (c), although no definite 
proof is offered herein. Both (b) and (c) are possible 
according to the recent analysis of Rubin™ already 
quoted. 

Actually, (Z?) is not the quantity of greatest practical 
interest. Light scattering, for example, measures the 
mean square radius R?, defined by- 


R?=2<{R?)/N = Lert pe)/2N?, (1.2) 


where (R,?) is the mean square distance of the ith 
element from the molecular center of mass, and (r/’) is 
the mean-square distance between the pth and (th 
ements. The several “hydrodynamic radii” inferred 
from such kinetic properties as intrinsic viscosity or 
friction constant may be expected to depend on still 
other averages. 

The volume effect depends markedly on the nature of 
the polymer-solvent interactions, which usually are 
judged experimentally by the value of the osmotic 
second virial coefficient.’"5 A useful theory of the 
volume effect should therefore consider the solvent 
explicitly and relate the quantities R? and the virial 
coefficient A» as directly as possible. This has been 
recognized by several authors,’ and is in part the 
object of the present work. Such a relation would be 
much easier to test experimentally than one concerned 
with the asymptotic behavior of R?/N. 

In what follows, we consider the general distribution 
function of a single chain molecule in the same form that 
has been previously used to treat the second virial 
coefficient,'® and later derive a differential equation 
which is suitable for approximate calculations of (rp,’). 
The relation of these results to the theory of Markoff 
processes, which has been applied to the polymer 
problem by several writers®-*:*—” is also examined. The 
close relationship between the excluded-volume problem 
and that of the second virial coefficient is explicitly 
demonstrated. Finally, some preliminary calculations 
relating R and A, are briefly described and discussed. 
No attempt is made to treat the problem in relation to 
intrinsic viscosity or other kinetic properties, as rigorous 
theories in applicable form are lacking. 


2. THE DISTRIBUTION FUNCTION 


Let fv(p,?) be the pair distribution function for 
elements » and ¢ of a chain of N elements; that is, 
Iy(p, t)d(p)d(t) measures the probability that the ele- 
ments p and ¢ have their coordinates at specified values 
in the range d(p) and d(#). To derive the properties of 
!v(p, 2) we must consider more general distribution 
functions. For a chain of NV elements, we denote by 
Fiv{v} the probability function governing the positions 
ofa set of »(< N) specified chain elements, as a function 

: Outer, Carr, and Zimm, J. Chem. Phys. 18, 830 (1950). 

. H. Zimm, J. Chem. Phys. 14, 164 (1946). 
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of the coordinates {v} of all the members of this set. The 
most detailed of these functions is Fyw{V}, in which the 
distribution of all the coordinates {NV} of the entire 
chain is explicitly formulated. From the definitions, it is 
clear that 


Favto)= fo f Pewtyatvy/ato}, (2.1) 


in which the symbol d{N}/d{v} indicates that the 
integration goes over all coordinates except those of the 
specified v elements. Instances of the above relation, of 
special importance later, are 


F3y(p, t, t+- 1) 


= f+ fPevemaeny/ac, t,t+1); (2.2) 
fu (?, 2)=Fonx(p, t)= f Faw (p, t, t+1)d(t+1); (2.3a) 


fu(p, t+1)= f F3n(p, t, t+1)d(t). (2.3b) 


In these expressions 7, ¢, +1 designate particular chain 
elements, their coordinates being indicated by symbols 
in parentheses. 

A definite form must now be adopted for the basic 
function Fyy{N}, and we take 


Fux(N}= Oe TL 4, 441) Il 40,4), 


1<i<ji<N 


(2.4) 


where the indices 7 and 7 denumerate the chain elements. 
Here Qy~ is a normalizing factor to be discussed below. 
The quantity ¥(i, 7+1) may be called the bond proba- 
bility ; it exists only for adjacent elements in the chain. 
Since this bond function necessarily has a short range 
(i.e., it rapidly goes to zero if the distance between the 
two bonded elements involved strays appreciably from 
the normal bond length), the details of its analytical 
form are unimportant, and it is sufficient to use a delta 
function. If we write s for the vector distance between 
elements 7 and i+-1, and a for the normal bond length, 
and further agree to normalize y to unity, we have 


¥ (i, 7+1)=(s)= (4ra)5(|s|—a) (25a) 
with 


f vi, i+1)a@)=1= f vi, i+1)dG-+1). (2.5b) 


The functions ¢$(7, 7) give contributions to the distri- 
bution function from all pairs of elements. Since inter- 
actions between any two bonded elements are already 


fT In all the integrals of this section, integration is to be under- 
stood as extending over all values of each of the coordinates 
involved. In general the limits are not explicitly given. 
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described by the y functions, it is convenient to set 
¢(i, i+1) at unity. For nonbonded pairs of atoms, the 
nature of the function (i, 7) has been discussed previ- 
ously.!® We recall that it can be related to the potential 
of mean force u(i, 7) between the elements 7 and 7 when 
in the chosen solvent 


and to a short-range function 
x (2, D=o(4, j ibaa 1, 


which vanishes unless i and 7 are quite close to each 
other. It can be seen from Eq. (2.4) that if x were zero 
for all pairs of elements, the distribution function would 
reduce to that for the problem of random flights. 

Several objections could be raised to the form of Eq. 
(2.4), but these do not seem relevant to the problem of 
interest. 

(a) There is explicit provision neither for constancy 
of valence angles (which would require a bond proba- 
bility depending on the coordinates of three adjacent 
chain elements), nor for restricted rotation about chain 
bonds (which would require the bond probability to 
depend on the coordinates of at least four chain ele- 
ments). However, these are still essentially short-range 
effects, and it has been repeatedly shown that they do 
not alter the Gaussian asymptotic form of the pair 
distribution function when interactions between distant 
elements are ignored. It is therefore adequate to follow 
Kuhn,’ to the extent that we treat a chain of V elements 
linked by universally jointed bonds of length a in place 
of a more detailed physical model of the chain.f 

(b) According to Eq. (2.4), the potentials of average 
force u(i, 7) between nonbonded elements are additive; 
this is the “superposition” principle,!” which is known to 
be inexact. This assumption would surely force itself on 
any present attempt at explicit calculation. It causes 
trouble only if three or more nonbonded elements are 
simultaneously close to each other, and since the actual] 
average density of chain elements within typical poly- 
mer molecules is low, we may expect little error for the 
important configurations of the chain. In a recent paper, 
Rubin" has used essentially the same function as (2.4), 
with special choices of y and ¢. 

It is convenient to normalize the distribution func- 


tions so that 
f. . » [ Pevtayatv) = V, 


where V is the arbitrarily large volume of solution in 
which the chain molecule moves. This amounts to 


(2.6) 


(2.7) 


(2.8a) 


t Alternatively, one could modify the functions ¢(7, 7) between 
second and third neighbors along the chain to take account of local 
hindrances, but this would seem needlessly complicated. 

17 J. G. Kirkwood, J. Chem. Phys. 3, 300 (1935). 
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defining the normalizing factor Qy of the chain as 


ov=v ff Theva itn 


xX II $,s)d{N} (28h) 


1<i<i<n 


and further has the convenient consequence that the 
pair distribution function is normalized to unity, 


J fy (p, )d)=1= f fv(p, #)d(p). — (2.8c) 


Without loss of generality, we can therefore fix the 
position of element # at the origin of the coordinate 
system, and this will be implicit in all relations to follow. 
An examination of Eq. (2.4) reveals that the complete 
distribution function may be factored as follows: 


Fyy{N}=Qn V(t, (+ DOF u(l, 2, ---, 0) 
XO.Fie(t+1, ---, W)[1+H x], 
where we have put k= V —¢ and the last factor is defined 
by 
II $j). 


1<i<t 
tt+1igigNn 


(2.9) 


1+ 4 x.= (2.10) 


This factorization is the basis of the several useful 
results, and provides a means of relating the intra- 
molecular long-range effects on the /th link in a chain of 
N elements to the interactions between the two parts of 
the chain on either side of the specified link. 


3. EXCLUDED VOLUME AND MARKOFF CHAINS 


We may define a new function @y(Q, é, +1) by the 
equation 


Fin (p, t, (+1)/fw(p, )=On(p, t4+1). (3) 


Clearly &y is the conditional probability for the (/+1)st 
element when the elements p and ¢ are at specified 
positions. By Eq. (2.3b), we then have 


fu(p, t+)= f fr (p, On (p, t, t+1)d(), (3.2) 


which is the integral equation for a Markoff process, 
with ®y playing the role of the transition probability." 
Moreover, Eq. (3.1) with Eq. (2.3a) shows this proba 
bility to be normalized, in the sense that 


J by (pf, t, +1)d(¢+1)=1, (3.3) 


but this is not true with respect to integration over the 
coordinates of element ¢. It should however be noted 
that @y depends not only on the position of element /+! 


18S. Chandrasekhar, Revs. Modern Phys. 15, 1 (1943), £4 
(218). 
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relative to that of ¢, but also on their positions with 
respect to element ~. The formal resemblance to a true 
Markoff chain is therefore limited, and in any case is 
useful only if a physically plausible form for @y can be 
guessed or derived from an appropriate model. 

Our distribution function (2.4) allows us to display 
the physical nature of &y quite readily. From Eqs. (2.2) 
and (2.9) we may write 


Fyn (p, t, t+ 1) _ Q0.0n "Vit, t+ 1) 
x f e J FF (+H udd{N}/d(p, t, t+1), (34) 


where for brevity the explicit coordinates of F,, and Fx, 
have been suppressed. Also, Eq. (2.3a) yields 


il )= 0.0000 f --- fvee+1) 


KF Pec A+H x)d{N}/d(p, t), (3.5) 
s0 that the conditional probability may be expressed as 


x foo [PuPaltt+ Hada vdeo, t,t+1), (3.6) 


where y(p, ¢) is a normalizing function to be determined 
from (3.3). 

It will be helpful to express @y in yet another form. 
The integral of Eq. (3.6) is the sum of two terms, the 
frst of which is easily split into a product of two inde- 
pendent factors, 


[- fraruatny/ac, t, t+1) 


. If . » [Pudty/ae, | 


| f on f Fud{h}/d(t-+1)=fclp, 0-1. (3.7) 


The second term cannot be simply reduced, and will be 
of special interest. Designating it by Jy, we have 


Jy(p, t, +1) 


= f beh f FF ad{N}/d(p, t,t+1). (3.8) 


With these relations, the conditional probability may be 
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z 
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Fic. 1. Configurations of a chain involving a single contact 
between elements z and j; other chain elements of special interest 
in various equations are designated. 


written 
Py (Pp, t, t+1)=y'(p, typ (t, t+1) 
X {1+ (p, t, t+1)/filp, t) }}, (3.9) 


where 7’ is a new normalizing function of (f, ¢). 

From Eq. (2.10) the function H, is seen to involve 
interaction terms $(i, 7) between all the elements in the 
first part of the chain (i.e. the first ¢ elements) with all of 
those in the other part. The nature of the integral Jy 
may perhaps be better understood by referring to Fig. 1. 
The integration goes over all the coordinates except 
those of elements #, /,/+1 and the term Hy, in the 
integrand will be zero unless one or more elements of the 
first part of the chain is close to one or more elements in 
the second part. 

Other forms for ®y have been employed** which 
amount .to considering only the interaction of the 
(t+ 1)st element with the others. Since our deductions 
are straightforward consequences of the distribution 
function (2.4), it would appear that such special as- 
sumptions about ®y, or the related diffusion equation,” 
cannot be expected to yield trustworthy conclusions 
regarding the volume effect. 

It may at first appear surprising that the complete set 
of interactions between the two parts of the chain 
should play a first-order role in the transition proba- 
bility for the (#+1)st element. However, all these 
elements are coupled into a single chain by valence 
bonds, so that an interaction anywhere may result in an 
average force at any specified link. Only if the valence 
links were al! severed could the fate of the element (/+ 1) 
be discussed entirely in terms of its own direct inter- 
actions (@ functions) with the other elements. 


4. DIFFERENTIAL FORMS 


To bring the result of the previous section into a form 
suitable for calculation, it is expedient to follow 
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Hermans, Klamkin, and Ullman® by going over to a 
differential equation. From Eqs. (3.5) to (3.8) we have 


fv (p, )= 000 t(p, #) 
4 f V(t, +1) Iw (p, t, H1ae+D) 
fil, + f V(t, H+ 1)Iw(p, t, H+1)d (+1) 


= , (4.1) 
i+ f J V(t, H+1)Iw(p, t, H+ 1d Ct, +1) 





where the second form follows by normalizing the first to 
unity. Similarly, with the aid of (3.2) we obtain 


fw (p, +1) 
7 f V(t, H+ 1)fe(p, a(t) 


+ f Y(t, H+ 1)Jw (by f, +140) 
(4.2) 





1+ f f V(t, t+ 1)Iw(p, t, t+ 1)d(, 441) 


To obtain a differential equation,!® we now regard 
fn(~,t) as a continuous function fy(r, ¢), where r 
represents the coordinate (relative to that of element p 
at the origin) of element ¢ of the chain, and set 


dfnv/dt=fn(p, t+1)—fn(p, t). 


The right-hand member, from Eqs. (4.1) and (4.2) is 
then expanded in terms of the displacement s fron the 
‘th to the (¢+-1)st element, and terms of third or higher 
order in s are dropped. This procedure leads in straight- 
forward fashion to the result 


6 Ofn V*fit (VieJn—ViyrJ yr, r+: :: 


oa” : 
1+ f Jw(, r)dr+::: 


(4.3) 


(4.4) 





where in the denominator only the leading term of the 
expansion is explicitly written. The symbols V/? and 
Vii denote Laplacian operators with respect to the 
coordinates of elements ¢ and /+1, respectively,§ and 
the notation r, r means that the values of the functions 
so designated are to be taken when the coordinates of 
both these elements are at r. 

We shall not deal further with the distribution func- 

§ It will be recalled that Jy(f, ¢, +1) depends on the coordi- 
nates of the two movable links ¢ and ¢+-1. In the leading term of 


the numerator the Laplacian has been simply written V? since f; 
does ‘not depend on the coordinates of element ¢+1. 
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tion itself, but turn our attention to the mean-square 
distance (rp”)=(r-r) between elements p and ¢. We 
multiply both sides of Eq. (4.4) by #°-4mr’dr and 
integrate, noting that 








f (V?f.)7?-4ar*dr= 6f fe4ar’dr=6, (4.5) 
0 0 
and thus obtain 
dry?) 
a’dt 
1+ (2n/3) f (V2Tn—Viyi2J ny), rdr+::: 
0 
= . (4.6) 


+4 f Jw(r, r)r’dr+--- 
0 


The successful use of this formal relation in obtaining 
the excluded volume effect on (r,2) obviously depends 
on the choice of a function to represent Jy. Exact 
evaluation based on Eq. (3.8) seems remote of attain- 
ment, but the physical sense of (3.8), as earlier dis- 
cussed, should be kept in mind when selecting a trial 
function. Before considering this choice further, we 
make another important digression. 


5. RELATION TO SECOND VIRIAL COEFFICIENT 


The function Jy, which has been related to the 
deviations of a single chain from random-flight behavior, 
is also closely connected to the problem of the second 
virial coefficient. The osmotic pressure of a solution 
containing chains of various lengths can be expressed by 
the familiar expansion 


a/RT=2,C;M "42 ,2;A fC Cy+ es, (5.1) 
where M, is molecular weight and C; is concentration 
(in weight per unit volume) of the species 7. Setting 
Bi=MM;A;;, we have'® the following expression for 
the second virial coefficient for chains composed of ! 
elements interacting with chains of N—i=k elements: 


Bu=—- (Ne/20) f ° + [ Paull ud N), (5.2) 


where Ny is Avogadro’s number and the other symbols 
retain their earlier meanings. If we introduce Jy from 
its definition (3.8) and recall that integration over the 
coordinates of the last element simply gives a factor J; 
we get 


—2Bu/No= f f Ty (p, t, t+1)d(t, t+1). (5.3) 


The close connection between the excluded-volume 
problem and the virial-coefficient problem, though 


rd 








square 
t. We 
r and 


(4.5) 


(4.6) 


aining 
2pends 
Exact 
attain- 
er dis- 
a trial 
er, we 


ENT 


to the 
1avior, 
second 
lution 
sed by 


(5.1) 


tration 
Setting 
ion for 
od of 
ments: 


(5.2) 


ymbols 
y from 
ver the 
tor V, 


(5.3) 


volume 
though 





EXCLUDED VOLUME IN POLYMER CHAINS 


obvious enough from a physical point of view, thus 
stands very clearly revealed mathematically in terms of 
Jy. The similarities and differences may perhaps be 
made clearer by reference to Fig. 1. In the problem of 
the second virial coefficient, nothing directly restricts 
the relative motion of elements / and ‘+1, and these can 
move quite far apart before all interactions between the 
two chains are reduced to negligible values. In the 
problem of the single chain, however, these elements are 
of course bonded together, and mathematically the 
occurrence of the bond function w(t, +1) in the inte- 
grals restricts our attention to those configurations in 
which these elements are separated by small distances. 

From Fig. 1 we can also infer the nature of the 
average force on the ¢ to ‘+1 link resulting from the 
interaction function Jy of Eq. (3.9). When the van der 
Waals interactions between the segments i<?¢ and 
j>t+1 are repulsive, the “tail” of the molecule 
(segments between ¢/+1 and 1) will be pushed out of 
the region between # and / so that the link between / and 
(+1 will be pulled away from p. 

The above result gives further weight, if it be needed, 
to our remarks in Sec. 3 concerning the transition 
probability @y. Since the virial coefficient clearly de- 
mands consideration of interactions between all parts of 
the two chains concerned, it is clear from Eq. (3.9) that 
the excluded-volume problem does so also. 

Although Eq. (5.3) sheds no direct light on the 
asymptotic excluded-volume problem, it does inspire 
some optimism in the more practical sense indicated in 
the introductory section. As in some other physical 
theories, it is not unlikely that an approximate con- 
struction of Jy, though perhaps too inexact for an 
absolute evaluation of either volume effect or virial 
coefficient, could nevertheless lead to a nearly correct 
correlation between them. Thus, for example, we might 
choose Jy in conformity with the “single contact” 
approximation ;!® or we might start with the mean 
density of chain elements and ignore fluctuations, as did 
Flory and Krigbaum” in their treatment of the virial 
coefficient. A detailed account of our attempts in this 
direction with various choices of Jy will not be given in 
the present paper. However, in succeeding paragraphs 
we discuss preliminary results with the single contact 
approximation. 


6. PRELIMINARY CALCULATIONS AND DISCUSSION 


In the single-contact approximation, only those con- 
figurations are considered in which a single pair of 
elements is interacting (i.e., only one of the @ functions 
differs appreciably from unity). Such a configuration has 
been depicted in Fig. 1, where i and 7 denote the 
Iteracting pair. If only these configurations are 
counted, Eq. (2.10) reduces to 

Hu=L DL x, J). 
i<t,j >t41 


ee 
Ags) J. Flory and W. J. Krigbaum, J. Chem. Phys. 18, 1086 


(6.1) 
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We also assume that the functions Fy,, Fx, may be ap- 
proximated by their random-flight values, which we 
shall designate with a superscript zero. Equation (3.8) 
then yields 


In(p, t, t+1) 
=2,2; f f x(i, Fa0%(p, i, DFA, ali, f). (6.2) 


Next, the short-range nature of the x function can be 
invoked. Following an argument already given," we find 


Jy= — 622, f Fa, t,o) fi(t+1, o)de, (6.3) 


where we mean that both elements 7 and j are at the 
same position o, and 


jinm f x(i, j)a(j) 
a f [1—exp(—a(i, j)/kT)la(j). (64) 


The quantity 6 is already familiar and has been amply 
discussed elsewhere ;7:!° if the chain elements are repre- 
sented as hard spheres, it becomes the volume excluded 
to one element by another, which Hermans and co- 
workers? denoted by v. In most polymer solutions 8 will 
be positive, since for appreciably negative values the 
polymer becomes insoluble. In general, 8 depends on 
temperature, pressure and nature of solvent. 

Since the functions /,° and F;,° in Eq. (6.3) are simply 
gaussian forms (the latter bivariate), the integral offers 
no major difficulty, and the result can be used in Eq. 
(4.6). We omit further details, and give for illustration 
merely the special case obtained when element # is at 
one end of the chain: 


d(r1 27) 


a*dt 





82 
=1+—[2g4+ (1—g)—-1-g]}+ 


g=t/N; 2=N'8(3/2ma’)}. (6.5) 
In this result, terms of order V~? only have been re- 
tained. 


Integration now yields 


T?/Na?=(rin?)/Na?= 1+ (42/3)+---. (6.6) 


Just this result, except for a small constant term, has 
been reported for the case of hard-sphere interaction, by 
Yamamoto,” and also very recently by Grimley.” 

The approximation of expanding the fraction in Eq. 
(4.6) in series to obtain Eq. (6.5) requires comment. 
This device is formally valid since the denominator, as a 
normalization coefficient, is necessarily positive; hence 


* T. B. Grimley, J. Chem. Phys. 21, 185 (1953). 
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Fic. 2. Mean-square radius R? vs virial coefficient A». Data 
from Outer, Carr, and Zimm (reference 15), with omission of 
measurements for mixtures of dichlorethane and cyclohexane, for 
which the radii deduced from light scattering and intrinsic viscosity 
‘e not in agreement. Solid line is Eq. (6.11), dashed line Eq. 

6.13). 


its second term is less than the first in the usual case 
where the second term is negative. However, if the 
single contact approximation were introduced before 
expansion, the denominator might become zero or 
negative. The effect of the approximation is much less 
serious, therefore, if it is introduced after expansion of 
the fraction. 

To obtain the mean-square radius, (7,7) must be 
similarly found and then summed by Eq. (1.2), the 
result|| being 


6R?/Na?= 1+ (1342/105)+---. (6.7) 


The results of Eqs. (6.6) and (6.7) indicate a volume 
effect which is an increasing function of molecular 
weight; however, it is certain that the single-contact 
approximation is inadequate at high molecular weights. 
But it can be shown that if all configurations can be 
neglected in which three or more elements from different 
parts of the chain are all simultaneously close to each 
other (which seems like a very good approximation), 
then the more general result will be of the form 


6R?/Na’?= f(z), (6.8) 


where f(z) starts at unity for z=0, increases linearly for 
small z, but has unknown asymptotic behavior. The 
single-contact approximation gives correctly the linear 
part of f(z). 

In the single-contact approximation the molar second 


|| One of us (M.F.) has developed an alternative method which 
is more convenient for obtaining higher approximations. The 
derivation of the above result will be reserved for the discussion of 
this method. 
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virial coefficient, from Eqs. (5.3) and (6.3), is just 
Bu = tkBN 0/2, (6.9a) 
as has been shown earlier,'® and correspondingly 


As=N(8/2M, (6.9b) 


where M, is the molecular weight of a chain element. 
Again, this result is wrong for high molecular weights, 
and the more general result will be of the form 


A= (No8/2M *)h(z), 


where /(z) is unity for small z and is known from both 
theory’® and experiment’ to be a slowly decreasing 
function of z for large z. 

We now demonstrate that, in at least one experi- 
mental case, even the single-contact results give a good 
value for the effect on the mean-square radius of 
changing the solvent. If Eq. (6.9b) is substituted in 
(6.7) and the definition of z from (6.5) is used, we find 


R?= Ro+0.0572A2M?/NoRo+:-:, (6.11) 


where Ry? = Va?/6 and M is the molecular weight of the 
polymer. The light-scattering results of Outer, Carr, 
and Zimm!'® on a polystyrene fraction (B—2) of 
molecular weight 1.6X10® in various solvents can be 
used to test this equation. They give their results for the 
molecular size in terms of the root-mean-square end-to- 
end distance L, calculated on the random flight as- 
sumption, but these can be transformed to values of R 
simply through division by 63. If we plot R? against ., 
and choose Ro” to be 1.5 10~"' cm? (to fit the values at 
A»s=0), we obtain from Eq. (6.11) the straight line’ 
shown in Fig. 2. 

The excellent agreement suggests that the single- 
contact approximation, although very far from correct 
in itself for large z, nevertheless can be used effectively 
to correlate the volume effect with the virial coefficient. 
It must be clearly recognized that in this correlation 8 
plays the role of a parameter, and one should not take 
its physical interpretation as an excluded volume too 
literally except for very small z. 

Further, instead of introducing in Eq. (6.2) the 
random-flights approximation for F., and F ,,, we might 
make use of the above result as a better approximation. 
This would have the effect of changing a in the factor 
to aa, where a, given by 


a’ = [?/Na’, 


is Flory’s factor." As a result, we would get an equation 
of Flory’s form from Eq. (6.6), 


(6.10) 


(6.12) 


3 


4/ 3 \2 
joint Sn 
3\ 2a? 


q In the paper of Outer, Carr and Zimm, R itself was plotted 
against A», but the results do not warrant a choice between such 4 
plot and that of Fig. 2. It may also be objected that the appro 
priate value of Az to use would correspond to a smaller molecular 
weight (less than half of the chain). This is true, but A» changes 
only slowly with M as the agreement would scarcely be altered. 


(6.13) 
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This result, which differs from Flory’s" only in the 
constant is clearly one of a series of equations that 
would result from more and more rigorous treatment of 
the distribution functions F;,, and Fy. We hope to 
discuss these further in a later paper with the aid of the 
simplified derivation referred to above. 

In conclusion, we now venture an opinion about the 
asymptotic problem. If Eq. (6.8) is accepted, it is seen 
that the effects of molecular weight and of solvent are 
both contained in the variable z, which is proportional to 
Nig. Consequently, if the volume effect is to become 
asymptotically independent of molecular weight, it 
must also become independent of solvent. Existing light- 
scattering and hydrodynamic data on long-chain poly- 
mers, such as those of Fig. 2, show unequivocally that 
the solvent effect is by no means absent for the highest 
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polymers experimentally accessible, and indeed appears 
to increase as molecular weight increases. We are, 
therefore, led to believe that f(z) does not asymptotically 
become constant. 

Finally, we remark that our discussion fundamentally 
requires that when the second virial coefficient vanishes, 
as it does in certain experimentally studied cases, the 
volume effect must vanish also. 
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Mercury dimethyl was photolyzed in the presence of various hydrocarbons between 28°C and 251°C. The 
activation energies in kcal per mole for reactions of the type 


are: 2-methyl propane-7.4; 2,3-dimethyl butane-6.8; m-butane-8.6; cylcohexane-8.3; 2,2-dimethyl propane- 
10.4; and toluene-7.3, where it is assumed that the activation energy for the reaction 
2CH;—C2H, 


is zero. The collision theory steric factors are less than 10 for all these reactions. 
The agreement of the above results with those obtained from the photolysis of acetone is noted. 





INTRODUCTION 


N a previous paper! experiments on the photolysis 

of mercury dimethyl were described, which were 
necessary before it could be used as a source of methyl] 
radicals in the study of reactions as 


CH;+ RH-CH,+ R. (1) 


In the present paper experiments are reported on six 
hydrocarbons. This work was undertaken as a check on 
the work done with acetone as the source of methyl 
tadicals.2 The agreement between the two sources is 
excellent. Such an agreement seems to rule out any 
“hot” radical effect under the conditions of temperature 
and pressure used. 





National Research Council Contribution No. 3075. 
oon Research Council of Canada Post-Doctorate Fellow, 
1- q 
(1953 E. Rebbert and E. W. R. Steacie, Can. J. Chem. 31, 631 
2A, F . Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 19, 163 (1951); 19, 329 (1951). 





EXPERIMENTAL 
Apparatus 


The apparatus was essentially the same as that used 
for the photolysis of mercury dimethyl alone. A 
Hanovia S-500 medium pressure mercury arc was the 
light source used. This beam was collimated by a system 
of two quartz lenses and two stops. The quartz reaction 
cell was 10 cm long and 5 cm in diameter with a volume 
of 179.5 cc. This was the volume used in all calculations. 
The cell was placed in an aluminum block furnace, and 
the temperature was controlled manually to better 
than +1.0°C. 

In the runs with 2-methyl propane, a chlorine gas 
filter and a Corning 986 filter were used, but for the 
other hydrocarbons no filters were used. The products 
were analyzed by means of two LeRoy’ stills in con- 
junction with a small mercury diffusion pump and a 
combination Toepler pump and gas buret. It was found 
necessary to use two LeRoy stills as the small amounts 


3D. J. LeRoy, Can. J. Research B.28, 492 (1950). 
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TABLE I. The reaction of methy! radicals with hydrocarbons 











Mercury Hydro- 





dimethyl carbon Prod- (Micro- 
Temp. pressure pressure Time ucts __moles) 
(°K) (mm) (mm) (sec) CHs C2He k:i/k2? X10% 
2 Methyl propane* 
366 36.0 32.0 14400 1.92 5.76 4.3 
386 8=. 38.6 34.3 14400 3.32 5.67 7.2 
402 40.6 38.7 12600 4.38 444 10.5 
421 41.9 34.1 9000 4.23 3.20 §=15.8 
440 449 41.0 9000 6.09 255 621.9 
460 46.2 40.7 7200 = 6.65 1.95 30.9 
482 48.5 25.1 7200 = 6.48 1.66 47.9 
506 49.7 46.3 7200 = 7.38 0.41 69.2 
376 = 38.1 37.2 9000 =—22.11 5.43 5.4 
493 50.0 20.7 7200 8.07 2.30 56.2 
2,3 Dimethyl butane 
301 = 33.1 35.3 3600 0.46 11.42 1.1 
325 33.0 34.5 2700 =: 0.64 9.20 2.3 
347 35.9 34.0 2100 0.97 7.68 4.6 
375 = 37.8 35.1 1800 = 1.79 7.46 9.8 
398 =. 339.3 38.1 1800 3.00 6.48 16.6 
425 43.0 39.2 1800 = 5.10 6.05 29.5 
448 45.3 44.6 1200 = 5.19 3.71 = 42.7 
473 48.9 37.8 900 5.04 2.83 64.6 
493 49.2 27.0 900 5.87 3.19 95.5 
Cyclohexane 
354 835.5 57.5 2700~=—s-:11.12 9.66 25 
315) 31.1 38.1 2400 1.40 9.37 5.2 
401 40.6 39.5 2400 3.06 9.55 11.2 
424 43.1 41.3 1800 = 3.77 6.72 19.1 
448 46.1 43.8 1200 §64.13 4.18 30.9 
472 = 47.7 42.8 1200 _—sS:«.71 3.55 49.0 
493 49.1 25.1 900 4.91 3.19 81.3 
n-Butane 
365 36.9 63.8 2700 =—s(«0.«.81 9.61 1.6 
373 37.1 40.6 2400 0.74 9.74 2.3 
398 =. 339.3 41.9 1800 = 1.11 7.21 4.8 
399 40.6 42.0 3600 =. 2.23 16.33 4.3 
425 42.7 43.4 1800 =. 2.29 7.70 9.1 
449 444 45.6 1800 3.97 7.13 16.2 
462 46.6 46.6 1200 §=63.42 4.70 20.4 
473 47.4 49.1 1200 4.27 4.27 926.3 
496 49.2 42.5 1200 = 5.97 4.86 37.2 
Neopentane 
404 40.0 81.0 2700 = 0.92 12.44 0.91 
413 41.1 89.0 2400 1.10 11.50 1.1 
424 42.4 84.0 2100 =1.25 §=10.33 1.4 
444 448 89.2 1800 1.96 9.14 
463 46.4 96.1 1800 3.22 8.96 4.1 
483 48.7 86.3 1200 3863.19 6.07 6.3 
504 50.6 98.7 900 4.01 4.35 10.5 
§24 52.6 101.2 900 =5.95 4.24 16.2 
Toluene 

422 22.7 13.8 2400 1.02 7.09 10.7 
442 24.0 14.7 1800 = 1.16 5.54 14.8 
464 24.6 14.9 1800 1.93 6.49 21.9 
483 25.6 15.7 1800 =. 2.85 6.43 30.9 
503 26.5 16.5 1800 =. 3.91 6.08 40.7 
523 28.2 17.3 900 ~=2.69 2.85 53.7 








* A chlorine gas filter and a Corning 986 filter were used for 2-methyl 
propane. 


of methane and ethane were detained by the excess 





hydrocarbon added. The first still was maintained at 
such a temperature as to allow the methane and ethane 
to pass but to retain most of the undecomposed mercury 
dimethyl and hydrocarbon. Mixing of the mercury 
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dimethyl and hydrocarbon before photolysis was ob- 
tained by raising and lowering mercury in a bulb of 300- 
cc capacity. 


Materials 


The mercury dimethy! was obtained from the Delta 
Chemical Works and then distilled to remove ether. Its 
vapor pressure was 17.7 mm at O0°C. The literature 
value is 17.4 mm at 0°C.4 

The 2-methyl propane, u-butane, cyclohexane, and 
toluene were Phillips Research Grade products and were 
stated to be better than 99.7 mole percent pure. The 
2,2-dimethyl propane and the 2,3-dimethyl butane 
were standard samples from the National Bureau of 
Standards. These were reported to have 0.04 +0.02 and 
0.11+0.06 mole percent impurity, respectively. 


RESULTS 


In Table I are given the results on the experiments 
with mercury dimethyl in the presence of six different 
hydrocarbons. These results are plotted in Figs. 1, 2 
and 3 along with the results obtained from acetone.’ 
At the highest temperature, there is a slight deviation 
from a straight line for 2,3 dimethyl butane and cyclo- 
hexane, and also at the lowest temperature for cylco- 
hexane. These deviations may be accounted for by a 
slight dependency on concentration, as the concentra- 
tion was changed in these experiments in an attempt to 
get a more favorable ratio of methane and ethane. The 
slight deviations at the low temperatures for 2,3 
dimethyl butane, 2,2 dimethyl propane and toluene is 
probably due to experimental error, since the amount of 
methane formed is too small to be measured accurately. 

The activation energies E;—3E, are given in Table 
II, along with the rate constants k;/k2! at 182°C and the 
steric factors P;/P.2}. The results from acetone are also 
given. The agreement in activation energy and in rate 
constant is excellent. The rate constants are expressed 
in molecules, cc, and seconds. No allowance has been 
made for the temperature coefficient of the collision 
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4F, Ratman, J. Appl. Chem. (U.S.S.R.) 9, 593 (1936). 
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PHOTOLYSIS OF Hg(CH;):2 IN 


rate in determining the activation energies. However, an 
allowance was made in the calculations of the steric 
factors. 


METHOD 


The photolysis of mercury dimethyl gives methane 
and ethane by the following reactions: 


2CH;—C2H¢ 
CH3;+ Hg (CH3) o—CHy+ CH;HgCHsz. 


(2) 
(3) 


When another substance containing hydrogen is added, 
methane is also formed by the reaction 


CH;+RH-CH,+R. (1) 


The rate of formation of methane and ethane for 


and 
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mercury dimethy] alone is given by the expressions 
Rewy= k3_CH; |[Hg(CHs)2 | 
RcoHs= ko[ CH; P. 


and 


Thus, we have 
ks Rew, 
kot ~Rovtte[Hg(CH3)2] 





If we now add a substance containing hydrogen, we 
have 


Reuy= ks CH JLHg(CHs)2 ]+-4:(CH; ][RH] 


and 


Rcokg = kof CH; F. 
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Fic. 3. Methyl radical plus toluene and 2,2-dimethyl propane. 


Thus, 





Rcu, kz [Hg(CHs)2] 1 [RH] 
= i 


RcoHg? kot ko} 

In a previous paper! k3/k2! was determined, and 
since we know [Hg(CHs3)2], [RH], Ron, and RC2H,, 
we can find k,/k,? for reaction (1), where RH in our case 
is any one of the six hydrocarbons. 


DISCUSSION 


The results indicate that in a molecule with secondary 
and primary hydrogen atoms, the main reaction is the 
abstraction of a secondary hydrogen atom by a methyl 
radical in preference to a primary hydrogen atom. 
However, if a tertiary hydrogen atom is present in the 
molecule, then the main reaction is with the tertiary 
hydrogen atom. 

The agreement of the present results with those 
obtained from acetone is excellent. The slight deviations 
in the activation energies can easily be assigned to 
experimental error. The largest difference observed 
between the two sources is 1.0 kcal/mole in the case of 
toluene. This difference may be an inherent error due 
to the two different methods used in calculating the rate 
constants for this one compound. When acteone was the 
source of methy] radicals for toluene, deuterated acetone 
was used, and the ratio CD;H/CD, was measured 
directly by the mass spectrometer. A similar difference is 
found by Whittle and Steacie’ between these two 
methods of calculating the rate constants even for the 


5E. Whittle and E. W. R. Steacie, J. Chem. Phys. (to be 
published). 
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TABLE II. The abstraction of hydrogen atoms by methy] radicals. 








STEACIE 








Results from mercury dimethyl 





Results from acetone 





ki ki 
74 X10" ; 73 X108 Collision» 
E.—}E2 ke E:—}E2 ke diameter 
Compound (kcal/mole) (at 182°C) P:/P2X104 — (kcal/mole) (at 182°C) P:i/P2*x104 (in A) 
2, methyl propane 7.4 30 2 7.6 42 3 5.9 
2,3 dimethyl butane 6.8 48 LS 6.9 68 2 6.5 
n-butane 8.6 18 4 8.3 21 3 5.8 
cyclohexane 8.3 36 6 8.3 42 8 6.0 
2,2 dimethyl propane 10.4 3.3 9 10.0 6.3 6 6.0 
Toluene 7.3 19 1 8.34 26 5 5.9 
Mercury dimethyl .10.8 5.5 16 6.0 








® This result is for the reaction CD: +CsHsCH3s—CD3H +CeHsCHe. 
b The collision diameter of the methyl radical was taken as 3.5A. 


same reactions. In studying the reactions 
CH;+ D.—-CH;D+ D 
CD;+H.—-CD;H+ H, 


and 


they found that in each case the gas analysis results 
gave an activation energy about 1.0 kcal/mole less than 
the results from the mass spectrometer. This difference 
in the results implies that, if the highest possible 
accuracy is needed, the data obtained on the rate of 
abstraction of a hydrogen atom by a methyl radical 
from mercury dimethyl or from acetone when either 
one is photolyzed alone are not strictly correct if other 
substances are present. It is known that the ratio 
k3/ko' varies slightly with pressure for both mercury 
dimethyl and for acetone, and thus is probably the 
explanation of the discrepancy. 

Agreement of the present results with sources other 
than acetone may also be mentioned. Jones and Steacie® 
studied the reaction of methyl] radicals with 2-methyl 
propane and -butane using the photolysis of azome- 
thane as a source of methyl] radicals. They reported 
6.7+0.8 kcal/mole and 9.0+1.0 kcal/mole for 2- 
methyl propane and n-butane, respectively. Also for n- 
butane, Gomer’ who used mercury dimethyl as a source 
of methyl radicals, obtained an activation energy of 
8.4 kcal/mole which is in very good agreement with the 
present result. However, he calculated this activation 
energy in a somewhat different way. A recalculation 
according to our method gives 9.5 kcal/mole for this 
reaction. In any case, the discrepancy is not large. 

The deviations in the absolute values of ki/k2? from 


6M. H. Jones and E. W. R. Steacie, Can. J. Chem. 31, 505 


(1953). P 
7R. Gomer, J. Am. Chem. Soc. 72, 201 (1950). 


the two sources (i.e., mercury dimethyl and acetone) are 
also actually very small when we consider the fact that 
these results were obtained by two different experi- 
menters, working with different apparatus and using 
different sources of methyl radicals. However, the 
persistence of the higher ratio k,/k2! from mercury 
dimethyl as compared with that from acetone suggests 
that part of the difference may be due to some other 
cause than experimental error. It would seem that the 
most probable reason for this difference is the error 
involved in taking the cell volume as the effective 
reaction volume. This would be correct only if methyl! 
radicals were produced uniformly throughout the 
reaction cell. Acutally, the effective reaction volume is 
somewhat less than the cell volume and depends to a 
very large extent on the extinction coefficient of the 
compound photolyzed. Since the extinction coefficient 
for mercury dimethyl is probably somewhat higher 
than that for acetone, the ratio of the effective reaction 
volume to cell volume should be less for mercury 
dimethyl than for acetone and consequently the values 
of k,/ks', based on cell volume, will be a little lower for 
mercury dimethyl. Another contributing cause of these 
differences in k1/k2! is the slight pressure dependency of 
this ratio for both acetone and mercury dimethyl. 

The most important conclusion to be drawn from 
this work is the relative unimportance of any “hot” 
radical effect in the photolysis of mercury dimethy] or 
acetone. If there were a “hot” radical effect in one and 
not in the other, we would expect quite different values 
for the activation energies. Even if there were a “hot” 
radical effect in both substances, we would still expect 
different values for the activation energies, as mercury 
dimethy] requires much less energy for dissociation than 
acetone, and consequently there is more excess energy 
available for the methyl] radicals. 
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Vibrational Spectra of Fluorinated Aromatics. VII. 1,2,4-Trifluorobenzene* 


E. E. Fercuson, R. L. Hupson,? Anp J. Rup NIELSEN, Department of Physics, University of Oklahoma, Norman, Oklahoma 


AND 


D. C. Smitru,t Naval Research Laboratory, Washington, D.C. 
(Received June 8, 1953) 


The infrared absorption spectrum of liquid 1,2,4-trifluorobenzene has been obtained in the region 2-384 
with the aid of LiF, NaCl, KBr, and KRS-5 prisms. The Raman spectrum of the liquidh as been photo- 
graphed with a three-prism glass spectrograph of linear dispersion 15A/mm at 4358A, and depolarization 
ratios have been measured for the stronger Raman bands. A complete assignment of fundamental vibration 
frequencies is given, and the spectra are interpreted in detail. 





INTRODUCTION 


ie previous papers of this series'~* the infrared and 
Raman spectra of 1,3,5-trifluoro-, 1,4-difluoro-, 
1,2,4,5-tetrafluoro-, 1,3-difluoro-, and fluorobenzene 
have been reported. No previous work appears to have 
been done on 1,2,4-trifluorobenzene. In the present 
paper spectral data, assignments of fundamentals, and 
detailed interpretations of the spectra will be presented 
for this compound. 


EXPERIMENTAL 


The sample of 1,2,4-trifluorobenzene was kindly sup- 
plied by Dr. G. C. Finger of the Illinois State Geological 
Survey. No information was available as to its purity. 
The infrared absorption spectrum of the liquid phase 
was measured from 2 to 38u, the Raman spectrum was 
obtained at room temperature, and quantitative polar- 
ization measurements were made in the manner pre- 
viously described.! 


RESULTS 


The infrared absorption of liquid 1,2,4-trifluoro- 
benzene from 2 to 22u is shown in Fig. 1. The wave 
numbers of the observed absorption maxima are listed 
in the first column of Table I. The relative intensities 
of the bands are indicated by means of the previously 
used abbreviations. The observed Raman shifts for 
liquid 1,2,4-trifluorobenzene, along with relative inten- 
sities and depolarization ratios of the stronger Raman 
bands, also are given in Table I. 


* This work has been supported in part under contract with the 
U. S. Atomic Energy Commission and the U. S. Office of Naval 
Research. 

t Present address: Ethyl Corporation, Baton Rouge, Louisiana. 

{Present address: Phillips Petroleum Company, Bartlesville, 
Oklahoma. 
ws Liang, and Smith, Discussions Faraday Soc. 9, 177 

*Eldon Ferguson, J. Chem. Phys. 21, 886 (1953). 
oe Hudson, Nielsen, and Smith, J. Chem. Phys. 21, 1457 


( 


ee Hudson, Nielsen, and Smith, J. Chem. Phys. 21, 1464 
53). 


Po aaa Collins, Nielsen, and Smith, J. Chem. Phys. 21, 1470 
agomith Ferguson, Hudson, and Nielsen, J. Chem. Phys. 21, 1475 
33). ; 


INTERPRETATION 


The 1,2,4-trifluorobenzene molecule has the sym- 
metry C,, and the 30 vibrational modes divide into 21 
planar vibrations of species a’ and 9 nonplanar vibra- 
tions of species a’. The species a’ vibrations give rise 
to polarized Raman bands and the a” to depolarized 
Raman bands. Since there are such a large number of 
fundamentals of each species, only those whose assign- 
ment seems uncertain will be discussed in detail. 


Species a’ 


Bands that occur with high intensity in either the 
infrared or the Raman spectrum, or both, and that are 
polarized in the Raman effect are interpreted as a’ 
fundamentals. The uncertain a’ assignments are the 
following: the weak Raman band at 288 cm with a 
medium intensity counterpart in the infrared and the 
weak Raman band at 341 cm that corresponds to-a 
strong infrared band both lie near very strong Raman 
bands, and hence their measured depolarization ratios, 
0.77 and 0.86, respectively, are somewhat uncertain. 
However, both bands have the rather sharp appearance 
characteristic of polarized Raman bands. 

The assignment of the very weak, polarized Raman 
band observed at 835 cm~ as an a’ fundamental is 
uncertain, since it can be explained as either of the 
binary combinations 377+456=833 A’ or 238+602 
= 840 A’. Also the frequency 1376 cm™, which is weak 
in both spectra and is assigned here as an a’ funda- 
mental, may be the overtone of the a” fundamental at 
688 cm7. 

Species a” 


The nine nonplanar fundamental vibrations are mix- 
tures of three hydrogen bending modes, three fluorine 
bendings, and three ring bendings. There are two assign- 
ments which must be considered uncertain in the species 
a’. One of these is the strong infrared band at 602 cm! 
with a weak counterpart in the Raman spectrum. The 
measured depolarization ratio, somewhat uncertain 
because of the low intensity, has the low value 0.75. 
The remaining uncertainty is in the assignment of the 
medium intensity infrared band at 932 cm™ as an a” 
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the medium infrared band at 75 


DISCUSSION 


3 cm7, 


can be explained as a combination band. 


fundamental. An empirical sum rule has been found to 
fit the nonplanar fundamentals of five previously 
studied fluorinated benzenes quite well,® and the choice 
of 932 cm~! makes the sum of nonplanar frequencies 
equa! to the similar sum for 1,3,5-trifluorobenzene within 
0.1 percent. The only other reasonable choice would be 
Either band 


The assigned fundamentals are listed in Table II. 
The 39 observed Raman shifts and the 98 observed 
infrared absorption maxima are all interpreted as funda- 
mentals or binary sums with this assignment, and many 
of the bands can be interpreted in more than one way 


Wave Length in Microns 


Fic. 1. Infrared spectrum of liquid 1,2,4-trifluorobenzene (KRS-5 region not included). 


because of the large number of coincidences arising 
from 30 fundamentals. The interpretations are given in 
the last column of Table I. 

The a’ fundamentals which may most accurately be 
ascribed to fluorine stretching are those at 1204 and 
1250 cm, which are very strong in the infrared spec- 
trum and only of medium intensity in the Raman 
effect, and probably the band at 1308 cm~, which is 
strong in both spectra. This latter band appears to be 
double in both spectra, presumably due to a resonance 
with 586+728=1314 A’, or 456+856=1312 A’. The 
average of these three “CF stretching” frequencies, 
1251 cm, is intermediate between the similar average 
for the two difluorobenzenes studied, 1218.5 cm~ and 
that for 1,2,4,5-tetrafluorobenzene, 1257.5 cm™. 
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VIBRATIONAL SPECTRA OF LIQUID 





Taste I. Infrared and Raman spectra of 1,2,4-trifluorobenzene (liquid). 
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Infrared 


Wave Descrip- 


Raman 


Wave Descrip- Depolari- 


Infrared 


Wave Descrip- 


Raman 
Wave Descrip- Depolari- 








number _ tion number _ tion zation . Interpretation number tion number _ tion zation Interpretation 
161 m,d 0.79 a” fundamental 1613 vw 2X808= 1616 A’; 
238 =o s,d 0.84 a” fundamental 781+-835= 1616 A’ 
286 =m 288  w,sh 0.77 =a’ fundamental 1629 s 1628 =m 0.86 a’ fundamental 
340 s 341. ~=w,sh 0.86 a’ fundamental 1645 vw 341+ 1308 = 1649 A’; 
377 ow 377s vs 0.86 a” fundamental 688+964= 1652 A” 
400 w 401 w 161+ 238=399 A’ 1685 vw 377+ 1308 = 1685 A”; 
441 m 441.6 s,sh 0.46 a’ fundamental; 586+ 1098 = 1684 A’ 
161+ 288=449 A” 1691 vw 728+-964= 1692 A’; 
455s 457 vw 0.9? a” fundamental 835+856= 1691 A” 
503 s 503.5 s,sh 0.24 a’ fundamental 1709 vw 1708 vvw 503+ 1204= 1707 A’; 
~527 w 238+-288 = 526 A” 2X856=1712 A’ 
587 s 585.6 s,sh 0.50 a’ fundamental 1727 vw 288+ 1441=1729 A’; 
603 s 601 w 0.75 a” fundamental 586+1143=1729 A’ 
161+441=602 A” 1743 vw 602+1143=1745 A”; 
618 vvw 238+-377=615 A’; 781+-964= 1745 A’ 
161+456=617 A’ 1788 w 161+ 1628= 1789 A”; 
639 vw 288+-341=629 A’ 586+ 1204= 1790 A’ 
688 m 688 w 0.9 a” fundamental 1826 w 728+ 1098 = 1826 A’; 
717 Ow 341+377=718 A” 856+964= 1820 A” 
728 =vs 727.8 vs,sh 0.08 a’ fundamental 1859 = vvw 341+-1518= 1859 A’ 
753° =m 2X377=754 A’; 1868 m 238+ 1628 = 1866 A”; 
161+586=747 A” 728+ 1143= 1871 A’ 
781 vs 780.6 vvs 0.08 a’ fundamental 1893 vw 586+ 1308 = 1894 A’; 
809 vs 808 vw dp? a” fundamental 688+ 1204= 1892 A” 
835 vw 0.3 a‘ fundamental; 1926 vw 2X964= 1928 A’; 
377+-456= 833 A’; 781+ 1143= 1924 A’ 
238+-602= 840 A’ 1945 vw 503+ 1441 = 1944 A’; 
~854 vs 859s vvw dp a” fundamental 808+ 1143= 1951 A” 
908 vw 441+-456=897 A” 1961 vw 441+1518= 1959 A’; 
916 vw 2X456=912 A’ 856+ 1098 = 1954 A” 
932 m a” fundamental; 1980 w 781+ 1204= 1985 A’; 
341+586=927 A’; 835+1143=1978 A’ 
238+ 688=926 A’ 2028 w 586+ 1441 = 2027 A’; 
963 s-vs 963.7 vs,sh 0.07 a’ fundamental 503+ 1518= 2021 A’ 
1000 =m 1003 vvw 2503 = 1006 A’; 2061 w 964+ 1098 = 2062 A’; 
161+835=996 A” 856+ 1204= 2060 A” 
1014. vw 288+-728= 1016 A’; 2086 ow 781+ 1308 = 2089 A’; 
238+-781= 1019 A”; 456+ 1628 = 2084 A” 
161+856=1017 A’ 2102 w 586+ 1518= 2104 A’; 
1059 =m 1064 vw 377+-688= 1065 A’; 688+ 1308= 1996 A” 
456+ 602= 1058 A’ 2132 ow 503+ 1628= 2131 A’; 
1099s vs 1098.2 m,sh 0.83 a’ fundamental 688+ 1441 = 2129 A” 
1144 vs 1142.6 w 0.1 a’ fundamental 2165 w 964+ 1204= 2168 A’; 
1171 m 2X586=1172 A’; 856+ 1308 = 2164 A” 
441+728=1169 A’ 2196 w 2X 1098 = 2196 A’ 
1203 vs 1205 w a’ fundamental 2211 w 586+ 1628= 2214 A’ 
1232. vw 503+ 728= 1231 A’; 2235 ow 602+ 1628 = 2230 A” 
377+856= 1233 A’ 2246 w 728+ 1518 = 2246 A’; 
1250 vs 1250 w 0.7 a’ fundamental 808+-1441 = 2249 A” 
1287 =m 1287 vw 503+ 781 = 1284 A’; 2300 m 781+ 1518= 2299 A’; 
602+ 688= 1290 A’ 856+ 1441 = 2297 A” 
1312s 1308" s 0.01 a’ fundamental; 2345 =m 1143+ 1204= 2347 A’ 
586+728=1314 A’; 2356 vw 728+ 1628 = 2356 A’; 
456+856=1312 A’ 835+ 1518= 2353 A’ 
1376 ow 1375.5 vw 0.27. a’ fundamental; 2390 =m 1143+ 1250= 2393 A’ 
2 688 = 1376 A’ 2404 m 2X 1204= 2408 A’; 
1389 w 288+ 1098 = 1386 A’; 964+ 1441= 2405 A’ 
586+-808 = 1394 A” 2447 m 1143+ 1308 = 2451 A’ 
1443 5s 1441.3 w 0.23 a’ fundamental es - 1204+ 1308= 2512 A ' 
i '. Ww 1098+-1441 = 2539 A 
1460 m 1455 vvw 2X728= 1456 A’; me ' 
9 oe 2551 w 1250+ 1308= 2558 A 
602+856= 1458 A’; ia ’ 
161-+1308= 1469 A” 2581 w 1143+ 1441 = 2584 A 
61+ 1308= 2615 w 2X 1308= 2616 A’; 
1522 vs 1518 Ww 0.83 a’ fundamental 1098+ 1518=2616 A’ 
1550 m 238+1308= 15464"; | 2658  w 1143+ 1518= 2661 A’ 
341+1204= 1545 A 2690 w 1250+ 1441 = 2691 A’; 
1575 vw 2X781= 1562 A’; 1308+ 1376= 2684 A’ 
602+964= 1566 A” 2726 w 1098+ 1628 = 2726 A’ 
1585 vw 441+ 1143= 1584 A’; 2765 w 1143+1628=2771 A’; 





856+728= 1584 A” 





1250+ 1518= 2768 A’ 
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1730 FERGUSON, HUDSON, NIELSEN, AND SMITH . 
TABLE I—Continued. ’ 
Infrared Raman Infrared Raman E. 
Wave Descrip- Wave Descrip- Depolari- Wave Descrip- Wave Descrip- Depolari- 
number tion number _ tion zation Interpretation number tion number _ tion zation Interpretation 
2822 w 1308+ 1518= 2826 A’; 3700 w 602+ 3094= 3696 A” 
; 1376+ 1441=2817 A’ 3820 w 728+-3094 = 3822 A’ 
2859 ow 1250+ 1628 = 2878 A’ 3880 w 781+3094= 3875 A’ 
2882 w 2X 1441 = 2882 A’ 4050 w 964+ 3094= 4058 A’ 
2914 ~w 1308+ 1628 = 1336 A’; 4220 w 1143+ 3094= 4237 4’ 
1376+ 1518= 2894 A’ 4310 w 1205+ 3094= 4299 4’. 
3062 =vw a’ fundamental 1250+ 3062 = 4312 4’ 
3098 6s 3094 Ss vss 0.02 2a’ fundamentals 4410 w 1308+ 3094= 4402 4’ 
3142 w 1518+ 1628=3146 A’ 4520 w 1441+ 3094= 4535 A’ 
3600 w 503+ 3094= 3597 A’ 4690 w 1628+ 3062 = 4690 4’ 
* Appears double. 
TABLE II. Fundamental vibrational frequencies for The a” fundamentals at 808 and 856 cm™, which [’ 
1,2,4-trifluorobenzene (liquid). . : ai 
involve largely nonplanar hydrogen bending, are very 12 
eaitinial iii at strong in the infrared spectrum and very weak in the iid 
788 161 Raman spectrum, in accord with the finding for all of . 
341 238 the fluorinated benzenes previously studied. The a’f ~ % 
Ps iu fundamental at 932 cm~, also involving largely pe a. 
586 602 gen bending, is observed only in the infrared with pou 
ig with medium intensity. ai 
835 856 The planar fundamentals seem to lie somewhat nj 
an 932 lower than one would expect from the compounds pre- 
1143 viously studied. The reason for this is not known. 
ot However, it may be remarked that no empirical sum T 
1308 rule has been found to apply well to the planar funda-F kinc 
a mentals of the previously observed fluorinated benzenes.f vers 
1518 pha: 
poor ACKNOWLEDGMENT viot 
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Vibrational Spectra of Fluorinated Aromatics. VIII. 1,4-Bis (trifluoromethyl) benzene* 


E. E. Fercuson, Louis MIKKELSEN,t AND J. Rup NIELSEN, Department of Physics, University of Oklahoma, Norman, Oklahoma 


AND 


D. C. Smitu,{ Naval Research Laboratory, Washington, D. C. 
(Received June 8, 1953) 


The infrared absorption of liquid 1,4-bis(trifluoromethyl) benzene has been obtained in the region 2-22u 
with the aid of LiF, NaCl, and KBr prisms. The Raman spectrum has been photographed with a three-prism 
glass spectrograph of linear dispersion 15A/mm at 4358A. A nearly complete assignment of fundamental 
vibration frequencies is given, and the spectra are interpreted in detail. 





INTRODUCTION 


N previous papers of this series'~’ the infrared and 

Raman spectra of 1,3,5-trifluoro-, 1,4-difluoro-, 
1,2,4,5-tetrafluoro-, 1,3-difluoro-, fluoro-, and 1,2,4- 
trifluorobenzene have been reported. Cooper and 
Noegel® have investigated the near ultraviolet spectrum 
of 1,4-bis(trifluoromethyl) benzene. In the present 
paper, infrared and Raman spectral data for this com- 
pound in the liquid state, assignments of fundamentals, 
and detailed interpretations of the spectra are pre- 
sented. 


EXPERIMENTAL 


The sample of 1,4-bis(trifluoromethyl) benzene was 
kindly supplied by Professor J. H. Saylor of Duke Uni- 
versity. The infrared absorption spectrum of the liquid 
phase was measured from 2 to 22u in the manner pre- 
viously described.'! The Raman spectrum was obtained 
at room temperature, and quantitative polarization 
measurements were made. 


RESULTS 


The infrared absorption of liquid 1,4-bis(trifluoro- 
methyl) benzene from 2 to 22y is shown in Fig. 1. The 
observed absorption maxima are listed in Table I along 
with relative intensities of the bands. The observed 
Raman shifts and the depolarization ratios of the 
stronger bands are included in Table I. 


_*Part of this work has been supported by the U. S. Atomic 
Energy Commission under Contract No. AT-(40-1)-1074. 
t Present address: Petroleum Experiment Station, U. S: Bureau 
of Mines, Bartlesville, Oklahoma. 
t Present address: Phillips Petroleum Company, Bartlesville, 
Oklahoma. 
' Nielsen, Liang, and Smith, Faraday Soc. Disc. 9, 177 (1950). 
* Eldon Ferguson, J. Chem. Phys. 21, 886 (1953). 
—_ Hudson, Nielsen, and Smith, J. Chem. Phys. 21, 1457 
(1953). 
ose Hudson, Nielsen, and Smith, J. Chem. Phys. 21, 1464 
P : Ferguson, Collins, Nielsen, and Smith, J. Chem. Phys. 21, 1470 
53). 
ass Ferguson, Hudson, and Nielsen, J. Chem. Phys. 21, 1475 
ween, Hudson, Nielsen, and Smith, J. Chem. Phys. 21, 1727 
(1953) D. Cooper and F. W. Noegel, J. Chem. Phys. 20, 1903 
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INTERPRETATION 


It is a useful aid in the interpretation of these spectra 
to assign “skeletal” fundamental frequencies based on a 
model of symmetry V,, according to which the CF; 
groups are assumed to be points, and add to these the 
fundamentals involving distortion, rocking, or torsion 
of the CF; groups. This method was used by Pitzer and 
Scott® in their analysis of the p-xylene spectra. The 
approximation is undoubtedly worse in the case of 
1,4-bis(trifluoromethyl) benzene, since the restricting 
potential for free rotation is probably larger for CF; 
than for CH; groups, and because C—F stretching may 
interact strongly with carbon ring vibrations and hy- 
drogen bending vibrations, while C—H stretchings in 
p-xylene are not coupled greatly with other motions of 
the molecule. 

The spectra show no coincidences of strong infrared 
and Raman bands. The four medium Raman bands that 
coincide with medium or strong infrared absorptions 
can all be ascribed to deformations of the CF; groups. 
This indicates that the assumption of an approximate 
center of symmetry for this molecule is valid. The g 
vibrations are Raman active, those of species a, giving 
rise to polarized Raman bands and the others to de- 
polarized bands, and all of the « vibrations are infrared 
active, except the two of species a,,. The assignments of 
the “skeletal” frequencies will be discussed first, and 
then the CF; group vibrations. 


SKELETAL VIBRATIONS 
Species a, 


The very strong polarized Raman bands at 236, 1063, 
and 3092 cm are readily identified as three of the six 
totally-symmetric “skeletal”? fundamentals. The first 
two assignments are confirmed by the ultraviolet in- 
vestigation of Cooper and Noegel.* The fundamental 
at 3092 cm involves largely C—H stretching. The 
strong polarized Raman bands at 1334 and 1628 cm“ 
are also interpreted as a, fundamentals. A strong polar- 
ized doublet occurring in the Raman spectrum at 790 
and 803 cm~ is assumed to be an a, fundamental in 


9K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc. 65, 803 
(1943). 
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Fic. 1. Infrared spectrum of liquid 1,4-bis (trifluoromethyl) benzene. 1137 


. 1180 
cm-!, The weak diffuse Raman band observed at 296 


cm-! is assumed with some certainty to be the lowest 


Fermi resonance with the overtone of the weak Raman 
band at 401 cm’, assigned as a be, fundamental. 








Species ,, bo, fundamental. The medium depolarized Raman band sass 
The single fundamental vibration of species b,, isa ®t 1596 cm™ is also assigned as a be, fundamental. 
nonplanar hydrogen bending corresponding to those One of the Raman bands at 401, 422, or 429 cm Is 
occurring at 850 cm in benzene and at 800 cm in undoubtedly a 62, fundamental involving largely 
1,4-difluorobenzene. It is identified with the weak C—CF; bending. The weak band at 401 cm™ has been 1269 
Raman band at 841 cm“. Its low intensity is in accord chosen rather arbitrarily. The remaining 52, fundamen- = 
with the fact that nonplanar hydrogen bendings have tal is identified with the medium Raman band at 1194 
been found to give rise to weak Raman bands in all the ¢m-!, although the measured depolarization ratio of _ 
fluorinated benzenes so far studied.*~” 0.51 is quite low. The measured depolarization ratios 1420 


Species b., 


The bo, fundamental involving largely C—H stretch- 
ing is identified with the strong Raman band at 3079 





seem too low in general. This may be caused by a sys 
tematic error or by the fact that the molecule has lower 
symmetry than assumed. 
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VIBRATIONAL SPECTRA: 1,4-BIS(TRIFLUOROMETHYL)BENZENE 1733 


TABLE I. Infrared and Raman spectra of 1,4-bis(trifluoromethyl) benzene (liquid). 











Raman Infrared Interpretation Raman Infrared Interpretation 
170 vs, sh 0.72 bs, fundamental 1504 w, d 451+ 1049= 1500 B,,; 
236 vvs, sh 0.26 a, fundamental 2X752= 1504 A, 
296 w, d be, fundamental 1519 w, d 497+-1018=1515 Bag; 
401 w, b bey fundamental ; 679+-841 = 1520 
170+ 236= 406 B3, 1527s b;,, fundamental 
422 m,d 0.50 g CF; rocking funda- 1558s 497+- 1063 = 1560 B;,, 
mental 1574 vw 497+-1078=1575 Bo, 
429 m, d p bs, fundamental 1596 m, d dp be, fundamental; 
451 vs bo. fundamental 2X 803 = 1606 A,; 
497 vvw ~500 s b3, fundamental 752+-841 = 1593 
572 w, d 170+401=571 Bi, 1628 s, sh 0.69 ~1629 w a, fundamental 
584 w, d (130)+451=581 A,; 1653 w 236+ 1422= 1658 Bs, 
170+-422=592; 1686 s 624+ 1063 = 1687 Bi.; 
2X296=592 A, 679+ 1018 = 1697 
624 vs b1, fundamental; ~1754w 679+-1078= 1757 
a asym 6(CF3;) funda- 1786 m 679+ 1110= 1789 
mental? 1808 s 803+ 1018= 1821 B,,; 
635 s, sh 0.80 g asym 6(CF;) funda- 752+ 1049 = 1801 
mental; 1926 vvvw 1934s 401+ 1527=1928 B;,; 
236+401 = 637 Bog 849+ 1078= 1927 Bs, 
679 m, sh dp ~678 m u+g asym 6(CF3;) fun- | 1944 vvvw 871+-1063 = 1934 B;,; 
damentals; 925+ 1018= 1943 Bi, 
236+-451 = 687 Bo, 1976 w 841+ 1140= 1981 
705 vvvw 296+401=697 A, 2037 vw 849+ 1180= 2029; 
726 vvw 236+-497 = 733 Bu 871+ 1175= 2046 
753 m, sh p 751 vs u+g sym 6(CF;) fun- 2053 vw 751+1320= 2071; 
damentals 635+ 1422 = 2057 
790 s, sh 0.06 2401 = 802 A,; 2088 m 1018+ 1063 = 2081 B;.; 
170+-635 = 805 451+ 1628= 2079 Bo, 
803 s, sh 0.06 800 vvw a, fundamental; 2123 m 1049+- 1063 = 2112 B3.; 
296+-497 = 793 Bru; 497+-1628= 2125 B3, 
170+ 624=794 Bo, 2137 w 1063+ 1078= 2141 B,, 
841 w 61, fundamental; 2158 vvvw 2X 1078= 2156 A,; 
2X422=844 A, 1049+ 1110=2159 A,; 
~849 vs bo, fundamental 841+ 1320=2161 
871 vvw b3, fundamental 2169 w 1063+ 1110=2173 B;.; 
900 vvw ‘2451=902 A, 849+ 1320= 2169 
910 vvw 236+679=915 2203 w 1063+ 1140= 2203 
~925 m a, fundamental? ; 2257 w 624+ 1628=2252 Bi, 
422+-497=919; 2304 m 1110+ 1194= 2304 Bi, 
296+624=920 B3, 2336 w 1140+ 1194= 2334 
962 w (130)+841=971 Bs, 2381 w 1049+ 1334= 2383 Bs, 
976 w 236+ 751 = 987; 2398 w 1078+-1334= 2412 B,; 
296+ 678=974 871+1527=2398 Bou 
1019 vyw 1018 vvs b;, fundamental; 2436 vvw, d 803+ 1628= 2431 A, 
401+624= 1025 B3, 2445 w 1110+ 1334= 2444 B;, 
1049 s bs, fundamental; 2475 w 849+ 1628= 2477 Bou 
429+-624= 1053 Bou; 2611 w 1194+ 1422= 2616 Bi, 
422+-624= 1046 2646 m 1018+ 1628 = 2646 Bi, 
1063 s, sh 0.16 a, fundamental 2703 w 1078+ 1628 = 2706 Bi. 
1078 vvs b1, fundamental 2718 vvw 1137+ 1596= 2733 
1110 vvs 63. fundamental 2740 w 1110+-1628= 2738 B;, 
1137 m, b 0.65 ~1140 vvs, b u+g asym v(CF;) fun- | 2842 vvw 2841 m 2 1422= 2844 A,; 
damentals 1320+ 1527 = 2847 
1180 vw ~1175 vvs u+g asym v(CF;) fun- 2857 m 1334+ 1527 =2861 Bi. 
damentals; 2890 w 1321+1596= 2917 
422+-752=1174 2937 vw, d 1422+-1527= 2949 Bo, 
1194 m 0.51 be, fundamental ; 2950 m 1321+ 1628 = 2949 
401+803 = 1204 Bo, 2965 vvw 1334+-1628= 2962 A, 
1233 m 296+925=1221 Bou; 3079 s, d } 0.31 be, fundamental 
170+ 1078= 1248 Bo, 3092 vs, d ; a, fundamental 
1250 m 236+ 1018 = 1254 Bi,; ~3096 m bi, fundamental 
451+803=1254 Boi; 3125 m bs. fundamental? ; 
497+-752= 1249 1527+-1596=3123 Bs 
1269 vvw 401+871=1272 Bi, 3155 w 1527+1628=3155 Bi, 
1308 w 451+849= 1300 A, 3182 vw, b 2X 1596=3192 A, 
1320 m p ~1321 vvs, b u+g sym v(CF;) fun- | 3255 m, sh 2X 1628 = 3256 Ag; 
damentals 170+-3092= 3262 Bs, 
1334s, sh 0.10 a, fundamental 3546 w 451+3092=3543 Bou 
1373 vw, d 170+-1194= 1364 Bi, 3717 w 624+ 3092 = 3716 Bin 
1420 vw, d 1422 vs bs. fundamental ; 3953 w 871+3096= 3967 Bo 
624+803= 1427 Bix 4115m 1018+-3092=4110 Bi, 
1451 429+-1018= 1447 Bo; 4673 w 1596+ 3096 = 4692 Bs, 


401+ 1049 = 1450 Bi, 














Species };, 


The very strong Raman band at 170 cm~ is assigned 
as the lowest b;, fundamental. The very weak Raman 
band at 871 cm is assigned as a 63, hydrogen bending 
fundamental with considerable certainty. The inter- 
mediate 63, fundamental is identified with the medium 
Raman band at 429 cm“. 


Species },,, 


The medium infrared band at 3096 cm™ is assumed 
to represent the single fundamental of species },, 
involving C—H stretching. The very strong infrared 
band at 624 cm“ is interpreted as a 6;, fundamental 
involving C— CF; stretching. The remaining };, funda- 
mentals are identified with the extremely strong infra- 
red bands at 1018 and 1078 cm and the strong infrared 
band at 1527 cm—. Any one of these bands may actually 
represent a 53, fundamental, since there is no experi- 
mental basis for determining these species, and since 
three b;,, fundamentals occur in the same spectral region. 


TABLE II. Fundamental vibration frequencies for 
1,4-bis(trifluoromethy]l) benzene (liquid). 








’ Skeletal vibrations 
Approximate 











motion ag big beg bag du biu beu bsu 
C —H stretching 3092 3079 ~3096 3125 
C—CFs; stretching 803 624 
C —C stretching 1628 1596 1527 1422 
C —C breathing 1063 1018 1110 
C —H bending 1334 841 1194 871 ~925 1078 ~849 1049 
C —CF; bending 401 429 451 497 
C —C —C bending 236 296 170 ? ~ (130) 
CF; vibrations 

g g u u 
Symmetric C —F 1320 ~1321 
Asymmetric C—F 1137 1180 ~1140 ~1175 
Symmetric 6(CFs3) 753 751 
Asymmetric 6(CF3) 679 635 ~678 ~624? 
CF; rocking 422 ? ? ? 
CF; torsion ? ? 








Species bp, 


The highest 5, fundamental, involving largely non- 
planar hydrogen bending, is undoubtedly represented 
by the intense infrared band at 849 cm~. The very 
strong infrared band at 451 cm™, which is the lowest 
infrared band observed, is probably the intermediate 
bo, fundamental, which may be characterized roughly 
as C—CF; bending. The lowest 02, fundamental is 
assumed to lie around 130 cm“, since the corresponding 
fundamental in benzotrifluoride has been observed at 
139 cm™. 


Species b;, 


The highest 63, fundamental is identified with the 
medium infrared band at 3125 cm™. The 61, and 63, 
C—H stretching frequencies may well be interchanged. 
The strong infrared band at 497 cm™ is assumed to be 
the lowest 53, fundamental. The remaining three 63, 
fundamentals are identified with the strong infrared 
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bands at 1049, 1110, and 1422 cm“, any of which may 
be interchanged with a fundamental assigned to by, as 
mentioned above. 





Species a,, 








The two inactive a, fundamentals may be charac- 
terized roughly as a nonplanar ring bending and a non- 
planar hydrogen bending. A medium infrared band at 
925 cm™ is assumed to represent the latter, the selection 
rules being assumed relaxed for the liquid state. The 
other a, fundamental, which may be expected to lie 
around 200 cm—, is not observed. 








CF; Vibrations 






The two CF; groups will give rise to 18 additional 
normal vibrations which may be characterized roughly 
as follows: two symmetric and four asymmetric CF 
stretchings, two symmetric and four asymmetric CF; 
deformations, four CF; rockings and two torsions. 
Symmetry and asymmetry here refer to a CF; group 
alone. Further, these vibrations may be approximately 
divided into half g and half « vibrations. The g vibra- 
tions are expected to be stronger in the Raman effect, 
and the u vibrations stronger in infrared absorption. 

The medium polarized Raman band at 1320 cm“ is 
identified with the symmetric g CF stretching and the 
extremely intense broad infrared band at 1321 cm“ 
with the symmetric u CF stretching fundamental. Since 
the CF; groups are so widely separated, it seems quite 
reasonable that symmetric g and u fundamentals would 
have nearly the same frequency. The medium diffuse 
Raman band at 1137 cm“ and the intense broad infra- 
red band at 1140 cm~ are interpreted as asymmetric ¢ 
and u CF stretching fundamentals, respectively, as are 
the weak Raman band at 1180 cm~ and the intense 
infrared band at 1175 cm. The medium infrared bands 
at 1233 and 1250 cm“, and the weak Raman bands at 
1269 and 1308 cm~', are interpreted as combination 
bands. It does not seem likely that any of these are CF 
stretching fundamentals, since the spread from 1137 
to 1180 cm~ is as large as one might expect for the four 
asymmetric vibrations. 

A fundamental involving a symmetric g CF; deforma- 
tion is identified with the medium polarized Raman 
band at 753 cm™, and the corresponding fundamental 
involving symmetric “ CF; deformation is identified 
with the very strong infrared band at 751 cm~. The 
medium depolarized Raman band at 679 cm™ and the 
medium infrared band at 678 cm~ are assumed to 
represent g and u asymmetric CF; deformations, re- 
spectively. The remaining g CF; deformation funda- 
mental is identified with the strong depolarized Raman 
band at 635 cm~!. The remaining fundamental is quite 
uncertain. The only infrared band observed that could 
be so interpreted is a very weak band at 726 cm”: 
It seems more reasonable to assume that this funda- 
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mental is masked by the very strong 6, fundamental 
at 624 cm™. 

The medium diffuse Raman band at 422 cm™ is 
interpreted as a g CF; rocking fundamental. No evidence 
is found for the remaining CF; rocking fundamentals. 
The two « fundamentals lie too low to be observed in 
this investigation. 

The two torsional frequencies would be expected to 
lie very low, roughly in the neighborhood of 150 cm=', 
and to be essentially inactive. No evidence is found for 
these frequencies. 


DISCUSSION 


The assumption of (approximate) V, symmetry 
appears quite adequate for the interpretation of the 
observed spectra. The 62 infrared absorption maxima 
and the 47 Raman shifts observed for the liquid state 
are all satisfactorily interpreted as fundamentals or as 
binary sum bands. The assigned fundamentals are listed 
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in Table II, and the complete interpretation of the 
spectra is included in Table I. Because of the large 
number of fundamentals, many coincidences occur, and 
many of the bands may be interpreted in several ways. 

Due to the complexity of this molecule, a number of 
uncertainties in the assignment of fundamentals exist. 
Several inactive and low-lying infrared-active funda- 
mentals are not observed. Some of the species assign- 
ments may be reversed, particularly of the funda- 
mentals assigned to species 5;,, and 63, and of the three 
Raman-active fundamentals at 401, 422, and 429 cm7. 
Some of the uncertainty as to species of the strong infra- 
red bands could be resolved by an examination of the 
infrared spectrum of the gaseous phase. 
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Vibrational Spectra of Fluorinated Aromatics. IX. p-Fluorotoluene* 
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The infrared absorption spectrum of liquid p-fluorotoluene has been obtained in the region 2-38y with the 
aid of LiF, NaCl, KBr, and KRS-5 prisms. The stronger bands of the gas phase have been scanned with 
NaCl and KBr prisms. The Raman spectrum of the liquid has been photographed with a three-prism glass 
spectrograph of linear dispersion 15A/mm at 4358A. A complete assignment of fundamental vibration fre- 
quencies is given, and the spectra are interpreted in detail. 





INTRODUCTION 


N previous papers of this series'~* the infrared and 
Raman spectra of fluoro-, 1,3- and 1,4-difluoro-, 
1,2,4- and 1,3,5-trifluoro-, and 1,2,4,5-tetrafluoro- 
benzene, and also 1,4-bis(trifluoromethyl) benzene, 
have been reported. Some Raman data and partial 
assignments of fundamentals for p-fluorotoluene are 
given in Landolt-Bérnstein,? and infrared contours of 
some of the stronger bands for the gaseous state have 
been reported by Thompson and Temple.” 
New spectral data, assignments of fundamentals, and 
detailed interpretations of the spectra, will be presented 
in the present paper. 


EXPERIMENTAL PROCEDURE 


The sample of p-fluorotoluene was kindly supplied 
by Dr. G. C. Finger of the Illinois State Geological Sur- 
vey. No information is available as to its purity. The 
infrared absorption spectrum of the liquid phase from 
2 to 384 was obtained in the manner previously de- 
scribed.! The infrared absorption band contours in the 
gaseous state were observed in the NaCl and KBr 
regions in an attempt to determine band types. The 
Raman spectrum was photographed at room tempera- 


* Part of this work has been supported under contract with the 
U. S. Atomic Energy Commission and the U. S. Office of Naval 
Research. 

t Present address: Ethyl Corporation, Baton Rouge, Louisiana. 
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ture, and quantitative polarization measurements were 
made as previously described.! 


RESULTS 


The infrared absorption of liquid /-fluorotoluene 
between 2 and 22y is shown in Fig. 1. The wave nun- 
bers of the observed absorption maxima are listed 


in the first column of Table I. The relative intensities F 


of the bands are indicated in column 2 by means of the 
previously used abbreviations and the contours for the 
gas phase are given in the third column where ob- 
served. The observed Raman data for liquid -fluoro- 
toluene are given in the next three columns of Table ], 
the polarization ratios being taken from Landolt 
Bornstein.® 


INTERPRETATION 


The p-fluorotoluene molecule has the same symmetry 
as toluene. The spectra of toluene have been satis- 
factorily interpreted by Pitzer and Scott" assuming the 
molecular symmetry C2,. However, fundamental vibra 
tional assignments for p-difluorobenzene’ and p-xylene" 
have previously been based on the symmetry V,, and 
in order to best utilize these results, it is here assumed 
that the p-fluorotoluene molecule also has approx 
mately the symmetry V;,. This is a reasonable assump- 
tion, since the mass of a methyl group is not greatly 
different from that of a fluorine atom. Sheline and 
Pitzer” have suggested that in order to consider the 
methyl group as a point mass in studying the vibr 
tional spectra of tetramethylmethane, one should us 
an “effective mass” of 16.67 for stretching vibrations 
and 18.16 for bending vibrations. Thus, it is possible 
that the “effective mass” of the methyl group is evel 
closer to that of the fluorine atom than one might oft 
hand expect. 

The fundamental frequency assignments of -d: 
fluorobenzene and p-xylene lie very close together, 4 
shown in Table II, and one would therefore expect the 
fundamentals of p-fluorotoluene to correlate closely 


1K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc. 65, 805 F 


(1943). 


2 R. K. Sheline and K. S. Pitzer, J. Chem. Phys. 18, 595 (1950). F 
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Fic. 1. Infrared spectrum of liquid p-fluorotoluene (KRS-5 region not included). 


with those of these two molecules. This is indeed found occur, the selection rules for symmetry C2, should be 
to be the case. kept in mind. For this symmetry, the species a, and b1, 
It will be assumed that the p-fluorotoluene molecule combine to give species a@;, yielding polarized Raman 
has approximately the symmetry V,. The skeletal bands and type A infrared bands. The species bz, and 
vibrations then divide themselves into symmetry 53, form species b; which has depolarized Raman bands 
species in the following manner: 6a,+1b:,+5b2,+363, and type B infrared bands. Species b3, and 62, combine 
+ 2a. t+ 5diu+3bou+5d3u. to give species b2 having depolarized Raman bands and 
The a, vibrations yield polarized, the b, vibrations de- type C infrared bands, and a, and b;, form species 2 _ 
polarized Raman bands. The };,, 631, and be, vibrations with depolarized Raman bands. 
yield infrared bands with type A, B, and C contours, In addition to the skeletal vibrations, there will be 
respectively. The a, vibrations are inactive in both vibrations of the methyl group. 
spectra. The selection rules will of course not conform 
strictly to a V;, model, and some coincidences of strong 
Raman and infrared bands are to be expected. The four strong polarized Raman bands at 454, 825, 
Since several Raman and infrared coincidences do 842, and 1214 cm™ are readily assigned as species a, 


Species a, 
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TABLE I. Infrared and Raman spectra of /-fluorotoluene. 
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Infrared Raman Infrared Raman 
Liquid Gas Liquid Polari- Liquid Gas Liquid Polari- 
cm" contour cm7 zation® Interpretation cm! contour cm7 zation® Interpretation 
152 m,d be. fundamental 1736 w 638+ 1099 = 1737 B,, 
313 m 312m bog fundamental 1746 w 817+929 = 1746 B,, 
341s 341 vs, d dp __b3, fundamental 1766 w 152+ 1602= 1754 B,,, 
422s 425 vw, d bs. fundamental 1858 vvw 2X929= 1858 A,; 
456 s 454 vs,sh p’” a, fundamental 638+ 1222 = 1860 A,; 
503 s CP = 502w bz, fundamental 817+ 1044= 1861 B,, 
~615 vvw 152+-455=607 Bz, 1882 m 892+ 1044= 1886 B,, 
639 m 638 s, sh dp beg fundamental 1906 vvw 695+ 1214= 1909 B;,: 
695 m 695m,sh p’ 63, fundamental 2X956= 1912 A, 
729s A 728 m, sh bi, fundamental 1949 w 1940 vw 422+ 1512= 1934 B,,; 
740 vvw 313+422=735 Bi,? 728+ 1222 = 1950 B;,, 
758 w 313+455 = 768 Boy? 1981 vw 825+1157=1982 B,, 
817s C be, fundamental 2034 vvw 817+1214=2031 Bz, 
825 vs p a, fundamental 2054 w 455+ 1614= 2069 B;, 
842 m 842 vs p a, fundamental 2109 w 503+ 1602 = 2105 B,, 
908 vvw 2X455=910 A, ~2140 vvw 638+ 1512= 2150 B;, 
929 m 929 vw, d bs, fundamental ; 2173 w 956+ 1222=2178 B,, 
422+503=925 Bi, 2236 vvw 638+ 1614= 2252 B;, 
956 w a, fundamental?; 2256 w 1044+ 1214= 2258 B;, 
455+503=958 Bo, 2316 vvw 1099+-1214= 2313 B;, 
1003 w 2X503= 1006 A,; 2335 vvw 825+ 1512= 2337 B,,,; 
313+695 = 1008 By, 728+- 1602 = 2330 B,, 
1017s A 1017 w, sh b;,, fundamental 2354 vvw 842+ 1512= 2354 B,, 
1045 s Be = 1040 vvw bs. fundamental; 2379 vvw 2385 vvw 1157+ 1222= 2379 B;,; 
313+728= 1041 B;.; 929+- 1455 = 2384 
341+695= 1036 A, 2395 w 1099+ 1299 = 2498 B,, 
1061 vvw 341+728= 1069 Bz,?; 2416 vvw 2X 1214= 2428 A, 
422+-638= 1060 B;,,? 2442 vw 825+ 1614= 2439 B;, 
1099 s, sh 1099 w bs. fundamental ; 2454 vvw 2X1222= 2444 A,; 
455+ 638= 1093 Bo, 842+ 1602 = 2444 A, 
1157s,sh A 1157s, sh p’ bi. fundamental; 2510 vw 1044+ 1455 = 2499 
455+695=1150 B;, 2525 vw 1157+ 1382 = 2539 
1181 w 1178 w CH; rocking funda- 2563 vw 1099+- 1455 = 2554 
mental?; 2592 vw 1214+ 1382 = 2596 
341+842= 1183 B;, 2614 vw 1017+ 1602= 2619 B;, 
1214 vs Pp a, fundamental 2665 vw 1044+ 1602 = 2646 B;, 
1224s 1221 vs bo, fundamental? ; 2706 vw 1099+ 1602 = 2701 B;, 
503-+-728= 1231 B;, 2741 w 2740 w 1222+ 1512= 2734 B;, 
1280 vw 1278 w 2X638= 1276 A,; 2866 vvw 1382+ 1455 = 2387? 
455+825= 1280 A, 2874 vw 2871 w 1382+ 1512= 2894; 
1300 w 1299 m p’ beg fundamental; 2X 1455=2910 A, 
455+842=1297 A, 2931s 2928 s p three v(CH3) funda- 
1321 w 503+825 = 1328 Bo, ; mentals 
152+1178= 1330 3001 m 1382+ 1614= 2996 
1351 vvw 638+ 695 = 1333 Bi, 3043 m b,, fundamental 
1383 m 1382 s, sh p’ — sym 6 (CH;) funda- 3069 vw 3071 vs pp’ dg +g +3, funda- 
mental mentals 
1404 w 2X695= 1390 A, 3111 vw 1512+ 1602=3114 Bi, 
1435 vvw 1433 vvw 422+ 1017= 1439 Bo, 3201 vw 1602+ 1614=3216 Bs. 
1498 w 1455 w, d two asym 6(CH;) fun- 3340 vw 313+3043 = 3356 Bs, 
damentals; 3520 vw 455+ 3069 = 3524 Bs, 
2X728= 1456 A, 3700 vw 638+ 3069 = 3707 Biv 
1495 w 638+ 842= 1480 Bz, ; 3790 vw 728+3071 = 3799 Bi. 
455+ 1044= 1499 B;,, 3890 w 842+ 3043 = 3885 Biu; 
1513s 1508 w b1. fundamental ; 817+3071 = 3888 Bo. 
695+817=1512 Bi, 4080 w 1017+3071=4088 Bi. 
1603 s 1601 s, sh a, fundamental; 4310 w 1222+ 3069 =4291 Bi; 
503+ 1099= 1602 B,, 1382+ 2929 = 4311 
1615s 1614 m, d p’ 63 fundamental; 4650 w 1602+ 3043 = 4645 Bi 
455+ 1157=1612 Bi, 4950 vvw 
1709 vvw 695+1017= 1712 Bz, ; 





503+ 1214=1717 Be, 



















fundamentals. The sharp component of the doublet 
near 1601 cm and the strong Raman band at 3071 cm“ 
are assumed to represent the remaining two a, funda- 
mentals. There is strong infrared absorption at 456 
and 1603 cm~ and medium absorption at 842 cm—. 


® Taken from Landolt-Bérnstein (reference 9). 
» p’ probably polarized Raman band. 





Species b,, 





The single vibration of species };, belongs to a non- 


planar hydrogen bending, and corresponds to a vibra- 
tion having the frequency 850 cm-" in benzene, 811 cm™ 
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in p-xylene, and 800 cm™ in p-difluorobenzene. It is 
fairly certain, therefore, that this vibration has a fre- 
quency in the range 800-850 cm~". No spectral evidence 
for it is found. However, since nonplanar aromatic 
hydrogen bendings generally give rise to weak Raman 
bands, the intense a, fundamentals at 825 and 842 cm“ 
might well mask such a band. 


Species b2, 


The medium Raman bands at 312 and 1299 cm“, and 
the strong Raman bands at 638 and 1221 cm, are 
assumed to represent b., fundamentals, partly on the 
basis of correlation with the spectral assignments for 
related compounds and partly because these are the 
most intense Raman bands available for the assign- 
ments. Medium infrared absorption occurs at 313 and 
639 cm~!, strong absorption at 1224 cm™ and weak 
absorption at 1300 cm~!. The highest 52, fundamental, 
involving CH stretching, is assumed to be overlapped 
in the Raman spectrum by the very intense a, funda- 
mental at 3071 cm“. 


Species b;, 


The lowest 63, fundamental is identified with the 
very strong depolarized Raman band at 341 cm™ with 
a strong infrared counterpart. The band at 312 cm“, 
assigned as a be, fundamental, might have been chosen 
for this assignment except that the lowest nonplanar 


fundamental has been found to give rise to quite intense . 


Raman bands in the fluorinated aromatics previously 
studied.!-§ 

The medium infrared and Raman bands at 695 cm™ 
are assigned as the intermediate b;, fundamental. The 
highest 63, fundamental involving largely hydrogen 
bending is probably represented by one of the faint 
Raman bands at 908 and 929 cm~. The slightly more 
intense band at 929 cm is chosen. 


Species },,, 


The three strong infrared bands at 729, 1017, and 
1157 cm~ all have definite type A contours and hence 
are assigned as species };, fundamentals. There are 
sharp Raman counterparts to each of these frequencies, 
as would be expected on the basis of C2, symmetry. 
The strong infrared band at 1513 cm™ of uncertain 
contour is also assumed to be a };,, fundamental, corre- 
sponding to the fundamental at 1511 cm™ in p-difluoro- 
benzene and 1525 cm~ in p-xylene. The medium infra- 
red band at 3043 cm™ is assumed to be the highest 61, 
fundamental. 


Species 0p, 


The medium Raman band at 152 cm™ is assumed to 
represent the lowest b2,, fundamental, corresponding to 
that observed at 170 cm™ in p-xylene. The strong infra- 
red band at 817 cm has a type C contour and is there- 
fore assigned as a be, fundamental. The strong infrared 
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TaBLE II. Correlation of fundamental assignments of p-xylene, 
p-fluorotoluene, and p-difluorobenzene. 








Species bi 
p-fluoro- 
toluene 


Species ag 
p-fluoro- 
toluene 


455 451 
840 
858.5 

1245 

1617 

3084 


p-difluoro- 
benzenee 


p-difluoro- 


benzene p-xylene» 


720 728 737 
1030 1017 1012 
1200 1157 1183 
1525 1512 1511 

(3046) 3043 3028 


p-xylene» 


460 
826 825 
1182 842 
1204 1214 
1616 1602 
(3062) 3071 





Species be, 
170 152 (186) 
389 503 509 
800 817 833 


811 (810 800 


Species bi, 

) 
Species b2, 
313 313 507 
644 638 635 
~1200? 1222 1142 
1575 1299 1285 
(3047) (3071) ~3080 


Species 63. 
(232) 422 
1100 1044 
1450 1099 
1640* 1614 
(3080) (3069) 


350 
1085 
1212 
1437 
3088 

Species b3, 
~313? 341 375 
697 695 692 (400) 
959 929 887 971 


Species ay 
(390) 
956? 


(370) 
(935) 








8 Correlated to b2u vibration in benzene believed to be at 1648 cm™ but 
since shown to be at 1310 cm™. 

b See reference 11. 

© See reference 3. 


band at 503 cm™', which shows slight indication of a 
type C contour, is assumed to be the remaining }2, 
fundamental. 

Species b;,, 


The strong infrared band at 1099 cm™ definitely has 
a type B contour, and hence is assigned as a 03, funda- 
mental. The strong infrared band at 1045 cm™, which 
shows slight evidence of a type B contour, is also 
assigned as a b;,, fundamental. The lowest fundamental 
of this species is identified with the strong infrared 
band, observed in the liquid only, at 422 cm“. The 
assignment of the CH stretching fundamental of species 
bs, is uncertain because of the poor resolution in this 
region but it is tentatively identified with the weak 
infrared band at 3069 cm™. The strong infrared band 
at 1615 cm™ of uncertain contour and its medium 
counterpart in the Raman spectrum are assumed to 
represent the remaining 6;,, fundamental. 


Species a, 


The two inactive a, fundamentals might be expected 
to appear in the Raman spectrum, since the molecule 
strictly has C2, or lower symmetry. The lower a, 
fundamental probably lies around 390 cm~. No evi- 
dence was found for it. However, it may possibly be 
masked by the very intense Raman band at 341 cm™. 
The highest a, fundamental is tentatively identified 
with the weak infrared band at 956 cm“. 


CH; Vibrations 


The medium sharp Raman band and the medium 
infrared band at 1382 cm must be assigned as a funda- 
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TABLE III. Fundamental vibrational frequencies 
for p-fluorotoluene (liquid). 








Species ag Species biu Rees 
an 
Polari- con- 


zation® Infrared tour 


729s A 
1017s A 
1157s,sh A 
1513s 
3043 m 


Polari- 
zation® Raman 
728 m, sh 
1017 w, sh 
1157 s, sh 
1508 w 


Infrared 


456s 


Raman 


454 vs, sh p’ 
825 vs p 
842 vs p 
1214 vs 

1601 s, sh 

3071 vs p’ 





842 m 


1603 s 
3069 vw 


Species dou 


503 s 
817s 


Species Dig 
152 m,d 


(810) not observed 502 w 


Species bau 


422s 
1045 s 
1099 s, sh 
1615s 
3069 vw 


Species bay 
313 m 
639 m 
1224s 
p’ 1300 w 
(3071) vs p’ 3069 vw 


425 vw, d 
1040 vvw 
1099 w 
1614 m, d 


Species bsg 
dp 


341s 
695 m 
929 m 


6(CHs3) 
1382 s, sh 
1455 w,d 


Species au v(CHs) 
~ (390) not observed 2928s p 2931s 
956 w? CHs rocking 

1178 w 


341 vs, d 
695 m, sh p’ 
929 vw, d 


1383 m 
1458 w 


1181 w 








® See reference 9. 


mental involving symmetric methyl deformation, in 
accord with the fact that Pitzer and Scott! have found 
this type of vibration to have a wave number very 
close to 1380 cm™ in several methyl-substituted ben- 
zenes. They find unsymmetrical methyl deformations 
to lie close to 1450 cm™ for all such compounds, the 
two components being generally unresolved. Accord- 
ingly, the weak depolarized Raman band and the weak 
infrared band at 1455 cm™ are interpreted as the two 
fundamentals involving largely this type of motion. 
The strong polarized Raman band at 2928 cm™ and 
the strong infrared band at 2931 cm™ are interpreted 
as the three fundamentals associated with CH stretch- 
ing in the methyl group. Such vibrations have been 


found to lie in this region and to be generally unre. 
solved.¥ 

The frequencies to be assigned to the two fundamen. 
tals involving rocking of the whole methyl group are 
uncertain. The weak infrared and Raman bands near 
1180 cm™ may represent one of these fundamentals. 
No evidence is found for the frequency of the vibration 
involving methyl torsion which would be essentially 
inactive. 


DISCUSSION 


The assumption of (approximate) V, symmetry 
appears quite adequate for the interpretation of the 
main features of the observed spectra. The fundamental 
vibration frequencies for the liquid state are listed in 
Table III. The 74 infrared absorption maxima and the 
44 Raman shifts observed for the liquid state are all 
satisfactorily interpreted as fundamentals or as binary 
sum bands in Table I. Many bands can be interpreted 
in several ways due to the large number of coincidences. 

The assigned fundamentals of p-fluorotoluene are 
compared to those of p-difluorobenzene and p-xylene 
in Table II. The close correlation of the fundamentals 
of these three molecules is remarkable. 

The greatest uncertainty is the frequency of the 
unobserved CH; torsional vibration which is expected 
to lie in the neighborhood of 200 cm~. The frequencies 
of the unobserved CH; rocking vibration, the b, 
fundamental vibration, the lowest a, fundamental and 
the uncertain highest a, fundamental can be estimated 
within rather narrow limits. Some uncertainty exists in 
the species assignment. Thus, the two highest funda- 
mentals assigned to species };, and b2, may be inter- 
changed. 
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The microwave spectra of C"O!6C]*5C}55 and C"0!6C]55C]s7 have been investigated in the region 23 000-— 
28 000 Mc/sec. The analyses of the rotational spectra yield for the phosgene molecule: C—O distance= 1.166 
+0.002A; C—Cl distance=1.746+0.004A; and CI—-C—Cl angle=111.3+0.1°. An analysis of the quad- 
rupole hyperfine structure was made for both isotopic species and the quadrupole coupling constants were 
obtained for CO'*C]*5C}*5, An attempt is made to explain the large observed value of the field dyadic 


asymmetry parameter 7. 





INTRODUCTION 


HE investigation of microwave spectra of mole- 
cules containing more than one nucleus with 
quadrupole moment has been limited almost entirely to 
linear or Symmetric top molecules. Furthermore, in only 
one instance! has the quadrupole hyperfine structure 
been analyzed for a molecule containing two identical 
quadrupole nuclei. Since certain quantities derived from 
the interaction of the nuclear quadrupole moments with 
rotational angular momentum are so closely related to 
chemical bonding,?* it is important that such mole- 
cules be given adequate attention. To this end a 
previous paper‘ dealt with numerical calculations neces- 
sary for the analysis of the quadrupole hyperfine struc- 
ture of molecules containing two nuclei having spin 3. 
The present paper uses the results of the first to study 
the microwave spectra of two isotopic modifications of 
phosgene, C?O'*C]®=C1> and C?O'!CIEC]*, 


EXPERIMENTAL 


The phosgene was prepared by direct combination of 
carbon monoxide and excess chlorine in the presence of 
heat and light. Powdered charcoal was used as a catalyst 
and the excess chlorine was removed with powdered 
antimony. The crude phosgene was collected at dry ice 
temperature and was purified in vacuum by three 
distillations to liquid nitrogen, only the middle fraction 
being retained in each stage. One-half cubic centimeter 
of liquid phosgene proved a more than ample supply for 
the entire experiment. 

The spectrograph used for this work is essentially 
modeled after the one described by McAfee, Hughes, 
and Wilson,® the details being somewhat different. The 


* This paper is based in part on a thesis submitted by G. Wilse 

obinson in partial fulfillment of the requirements for the degree 
Doctor of Philosophy at the State University of Iowa, Iowa City, 
lowa. The work was made possible by the support extended to the 
State University of Iowa by the U. S. Office of Naval Research 
under contract N8-onr-79400. 

t Present address: Department of Chemistry, University of 
Rochester, Rochester, New York. 
usa) J. Myers and W. D. Gwinn, J. Chem. Phys. 20, 1420 

*C. H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 (1949). 

°C. H. Townes and B. P. Dailey, J. Chem. Phys. 20, 35 (1952). 
oss Robinson and C. D. Cornwell, J. Chem. Phys. 21, 1436 


McAfee, Hughes, and Wilson, Rev. Sci. Instr. 20, 821 (1949). 


Stark modulation was obtained by means of a square- 
wave generator built at the State University of Iowa. 
This unit had a continuous amplitude range from 
0-1000 volts. The source of the microwave energy was a 
set of Raytheon klystron oscillators which, with some 
adjustment, would cover the range 23000 to 28 000 
Mc/sec. 

The absorption cell consisted of twelve feet of copper 
K-band wave guide, vacuum sealed at each end by 
means of mica held in place with bee’s wax. Since most 
of the measurements were made at dry ice temperature, 
the components of the absorption cell had to be strong 
and yet flexible to withstand thermal expansion and 
contraction of parts. Inside the wave guide, a steel 
connecting lead for the Stark voltage was insulated 
from the absorption cell by means of heavy glass beads 
and silver soldered to the edge of the Stark electrode. 
To facilitate repairs this lead was introduced through a 
Stupekoff type Kovar fitting soldered into the face of a 
brass disk which in turn was vacuum-sealed to the 
absorption cell by means of a Linear “O-ring.” The 
Stark electrode was insulated from the walls of the wave 
guide with grooved Kel-F tape. 

Both oscilloscope and recorder techniques were used 
to obtain the phosgene spectrum. In each case, after 
passing through the wave guide, the microwave energy 
was rectified by a 1N26 crystal detector. For oscilloscope 
work the output of this crystal was amplified and placed 
on the vertical plates of an oscilloscope. Since the 
sensitivity of this scheme proved far too low at the low 
gas pressure and low crystal current necessary for ade- 
quate resolution of the many closely spaced spectral 
lines, this method was abandoned except for exploratory 
work or for the study of the stronger lines in the 
spectrum. 

Very much higher sensitivity may be secured by using 
a recorder technique since very narrow band widths may 
be employed. The output of the 1N26 crystal, after 
being amplified and fed through a phase-sensitive de- 
tector, is used to drive an Esterline-Angus 0—1-ma 
recording milliammeter. The phase-sensitive detector 
distinguishes the zero-field absorption lines from their 
Stark components. Mechanical frequency drive for the 
klystron was obtained from a synchronous 4-rph motor 
geared down to half-speed so that on an average about 
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TABLE I. Rotational parameters and coupling constants of 
C20'6C}35C}35 and C2O'6C5C}37, 











C2016C]35C]35 C2016C]35C]37 
(a 332 2.75325 +0.00002 kMc/sec 2.75314+0.00002 kMc/sec 
(a+c)/2 5.16550 +0.60002 5.11462 +0.00004 
Kk —0.61401 +0.00002 —0.63007 +0.00002 
Io® -: 63.8249 +0.0005 amu-A? 64.2385 +0.0007 amu-A? 
Tp® 145.443 +0.003 149.533 +0.004 
Ic 209.519 +0.004 214.024 +0.006 
Ie —In —Ia 0.251 +0.008 0.253 +0.011 
eOVaa —37.20 +0.05 Mc/sec b 
eOVe 10.13 +0.05 b 
eOVee 27.07 +0.10 24.20 +0.10 








8 The moments of inertia were obtained from the reciprocals of a, b, and ¢ 
multiplied by the constant 505.413. 

beQVaa and eQVee for C2O016C15C]37 are 3 dependent and, therefore, 
cannot be included in the table. 


one-half to one Mc/sec of frequency was swept over 
every second. For rapid scanning of an extended fre- 
quency range a faster motor was employed. 

Using the above techniques, low gas pressures, and 
low crystal current, it was possible in many instances 
at least partially to resolve pairs of absorption lines 
two- or three-tenths of a Mc/sec apart. Further work on 
molecules containing two chlorine nuclei should proba- 
bly not be attempted unless a resolving power at least 
this good can be attained. 

Frequency measurements were made by use of in- 
terpolation receivers in conjunction with a harmonic 
generator whose fundamental frequency of five Mc/sec 
was tuned to WWV. For oscilloscope work, a single 
interpolation receiver was tuned so that a frequency 
marker on the screen was brought directly upon the 
absorption line to be measured. For recorder work, two 
interpolation receivers were set so that a marker was 
introduced on the trace every 1.25 Mc/sec. In the latter 
case, the frequency of an absorption line was found by 
linear interpolation between adjacent markers. Non- 
linearity and “backlash” in the klystron as well as 
erratic frequency drifts could not be completely avoided, 
so errors increase as the frequency separation of the 
markers increases. Some error is also introduced because 
of the varied width of the markers and the inability of 
the electronic circuit to compensate for this. An idea of 
the errors involved may be obtained from the fact that 
the recorder frequencies did not agree with the oscillo- 
scope frequencies to as much as one-tenth of a Mc/sec in 
some cases. To obtain a continuous set of good markers 
over a range of even a few Mc/sec was very difficult 
since unfortunately the power output of the harmonic 
generator was low. Spurious markers from external 
disturbances were frequent, because, in order to record 
weak markers, the gain of the interpolation receivers 
had to be high. This fact made it necessary to carefully 
watch a recording so that the spurious markers could be 
deleted as they occurred. Many weak markers could 
never be obtained and for this reason some of the 
absorption lines were not measured with the normal 
accuracy of the instrument. Also, a few of the weaker 
transitions at the higher frequencies (e.g., 11:—2s20), 
although observed on the traces, could not be analyzed 
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because of poor or missing markers. For rapid explora- 
tory work or to identify markers, a single set of markers 
could be introduced every 30, 90, or 270 Mc/sec as 
desired. 


THE PHOSGENE SPECTRUM 


The phosgene molecule is an asymmetric rotor whose 
dipole moment lies along or very near to the inter- 
mediate axis of inertia. From naturally occuring chlorine 
it is primarily an isotopic mixture of C”O!*®C]®C\*, 
COC} C}7, and C’O!'C7C}*? in the approximate 
ratio of 9:6:1. These isotopic modifications will herein- 
after be referred to as 35,35, 35,37, and 37,37, re- 
spectively. The microwave spectrum at room tempera- 
ture is composed of the nuclear electric quadrupole 
components of rotational transitions in the low-lying 
vibrational states® of all three isotopic modifications. To 
simplify this spectrum to a point where an analysis was 
possible, all data were recorded at dry ice temperature. 
The intensities of the low-J rotational transitions in the 
ground vibrational state are thus increased at the ex- 
pense of transitions originating in the higher levels. 





TABLE II. The structural parameters of phosgene. 














Electron 
Microwave diffraction® 
C-O 1.166+0.002A 1.18+-0.03A 
Cl-—O 2.589+0.001 2.59+0.03 
Cl-Cl 2.884+0.001 2.90+0.04 
C-Cl 1.746+0.004 1.74+0.02 
ZCI-—C—-Cl 111.3 +0.1° 112.5 +1.5° 














a See reference 7. 






Furthermore, at this low temperature, resolution is 
significantly increased because of decreased line breadth. 

In a molecule such as phosgene, where the asymmetry 
is large, the electron diffraction structure at best can 
only be relied upon to predict rotational frequencies to 
within a thousand Mc/sec or so. The existing electron 
diffraction data’ along with probable errors, however, 
were helpful as a means of obtaining an idea of which 
rotational transitions might be expected to lie in the 
region of interest. 

Also the electron diffraction ClI—C—Cl angle was 
useful as a means of obtaining approximate values of the 
quadrupole coupling constants eQVaa and eQV 5». For 
this calculation it was assumed that the electronic field 
is cylindrically symmetric with respect to the C—C 
internuclear axes and that the bonding of the chlorine 
atoms is similar to that in methyl chloride for which the 
coupling constant is known.’ From the approximate 
values of the coupling constants, a rough idea of X*? for 



















6 Nielsen, Burke, Woltz, and Jones, J. Chem. Phys. 20, 5% 
(1952). 

7 P. W. Allen and L. E. Sutton, Acta Cryst. 3, Part I, 46 (1950). 
This is a review of electron diffraction work prior to 1950. 

8 Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 

9 See reference 4 for definition of symbols. 
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MICROWAVE SPECTRUM OF PHOSGENE 


all rotational levels of interest was obtained. The ap- 
proximate hyperfine structure was then computed using 
the results of reference 4, and the patterns were used to 
identify rotational transitions in the spectrum. Initially, 
however, no attempt was made to use this procedure 
with P and R transitions since, in these cases, the 
hyperfine patterns are far too sensitive to errors in 
coupling constants and structure. 

An examination of recordings made at rapid sweep 
revealed a large number of what seemed to be the 
expected types of patterns; that is, the unsymmetrical 
groups and the symmetrical triplets. One symmetrical 
triplet was discovered for which the splitting was large 
enough to belong to a low-J Q transition. The uncer- 


‘tainty in the electron diffraction structure made it 


impossible to decide upon one of a number of possible 
assignments for this group, but, with the help of 
approximate isotopic shift calculations and the approxi- 
mate fine structure patterns for 35,37, the analogous 
transition for 35,37 was eventually found and identified 
as 322—33;. The assignment of one Q transition fixes 
a—c as a function of x, and the Q-branch assignment was 
readily completed for the two most abundant isotopic 
modifications. An assignment was not attempted of the 
weak 37,37 spectrum for lack of an isotopically enriched 
sample. 

The Q branch assignment yielded accurate values of 
a—c, x and the quadrupole coupling constants. Further- 
more, to a first approximation the phosgene molecule is 
planar and a+c can be written as a function of a—c and 
x. The P and R transitions were found on this basis 
when some revision was allowed because of possible 
“aplanarity.”’ In both isotopic modifications studied, 
I.-Ig—I, turned out to be about 0.25 amu-A? corre- 
sponding to a frequency shift of about 3.3(J+1) Mc/ 
sec. 


DISCUSSION OF DATA 


Table I lists the values of the rotational parameters 
and coupling constants obtained from the study while 
the structural parameters are compared with the recent 
electron diffraction work of Schomaker’ in Table II. 
Since there are three independent structural parameters, 
a complete structural determination involves the use of 
data from at least two isotopic species. Accordingly the 
bond angles and distances were obtained from a best fit 
of nine J <5 transitions belonging to 35,35 and eight 
J€5 transitions belonging to 35,37. Since only a 
limited number of higher J transitions were studied, 
no attempt was made to apply a centrifugal distortion 
correction to the results. Thus the structure can be 
thought of as an average over J <5 and the limits of 
etror are given with this fact in mind. It is seen that 
the structure is essentially equivalent to that obtained 
from the electron diffraction study. 

In Table III are listed observed and calculated fre- 
quencies for all J<10 rotational transitions studied. 
The calculated frequencies were computed by the method 
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TABLE III. Observed vs calculated rotational frequencies 
for phosgene. 








C120 16C]35C 35 
Obs* Calc 
Mc/sec 


26 168.72 26 168.49 
23 637.1 23 637.2 
27 764.0 27 764.3 
25 304.87. 25 305.46 
25 719.8 25 719.5 
24973.78  24973.91 
24173.32 24173.25 
23 218.36 23 218.13 
25 398.70 25 398.64 
23 364.80 23 364.46 
26 196.98 26 197.12 
26 765.1 26 764.9 
27 476.1 27 476.4 


26 375.1 26 376.6 
27 977.6 27 976.1 
25 998.02 25 997.5 


CxOu6CI5C]37 
Obs* Cale 
Mc/sec 


25 964.8 25 964.8 
23 261.0 23 261.0 
27 285.5 27 285.8 
24 653.6 24 654.7 
24 132.7 24 132.3 
25 075.68 25 075.44 
24 340.3 24 340.0 
23 449.9 23 449.6 
25 466.8 25 465.7 
23 066.28 23 065.93 
26 201.9 26 202.1 
26 328.5 26 327.9 
27 387.0 27 387.8 
26 146.5 26 145.3 
25 297.0 25 299 


Rotational 
transition 


1io— 221 
303— 414 
4os—515 
414—5o5 
634— 725 
322— 331 
321— 330 
4o0— 45) 
403—439 
51s— 524 
So4—533 
616— 625 
625— 634 
7o7— 716 
913—9o7 
936— 945 





26 557.5 26 557 








« The limits of error are indicated by the number of significant figures 
carried—seven significant figures, +0.1 Mc/sec; six significant figures, 
+0.3 Mc/sec. 


of continued fractions." The effect of centrifugal dis- 
tortion on some higher-J/ transitions is noticeable. 

The quadrupole coupling constants belonging to 
35,35 were obtained from a least-squares fit of the 
prominent components of the 1i9o—22: group. These 
values reproduce the quadrupole hyperfine structure 
within experimental error of the majority of the 35,35 
transitions studied. The observed and calculated hyper- 
fine splittings for a few of the transitions are listed in 
Table IV. It is interesting to note the presence of some 
components belonging to the 1;9—22; transition for 
which Ae= +2.§ 

In the case of 35,37 nuclear quadrupole energy levels 
are functions not only of eQVaq and eQV,, for both 
chlorine nuclei, but also of the rotationally dependent 
quantity R.° Actually in the case of a planar molecule it 
can be seen" that to a very good approximation 
only one other parameter besides those already de- 
termined from other sources define R and X* and, 
therefore, the nuclear quadrupole energy levels. This 
parameter # is the angle between the principal axis 
system of the field dyadic and its respective C—Cl 
internuclear axis system. The above statement follows 
if the assumptions are made that, (a) the electronic 
charge distribution forming the C—Cl* bonds in 35,35 
as well as the ones forming the C—Cl* and C—Cl*’ 
bonds in 35,37 are all equivalent; and (b) the ratio 
0*7/0%> of the quadrupole moments is the same in 
phosgene as in other chlorine containing compounds.” 
Both of these assumptions should be valid to a high 
degree of accuracy and should enable one to obtain 


10 King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943). 

§ « is the pseudospin quantum number referred to in reference 4. 
It has been implied previously (see reference 1) that these transi- 
tion probabilities are zero. 

1 C, D. Cornwell (private discussion). 

2 R. Livingston, Phys. Rev. 82, 289 (1951). 
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TABLE IV. Observed vs calculated quadrupole hyperfine structure 
patterns for phosgene. 








Obs¢ Caled Obs¢ Calcd 
e' F’a Jb Mc/sec e’ F’a Jb Mc/sec 


lio —221 (35,35) 110 —221 (35,37) 


—10.70 
—8.0 
—6.99 
—5.48 
—4.62 


5 

3 

6 

8 

5 

5 

7 —3.2 
33 —2.77 

6 

7 

9 

3 

2 

9 

3 

1 





—6.61 

tee —5.66 
—2.7 —2.96 
—2.3 —2.36 
—0.16 —0.18 
{ +0.05 

+0.10 +0.09 


+0.11 
+1.24 
+2.2 
+5.5 


— 


PORAWUAAWOKWwhr 


—1.00 
—0.22 
+2.38 
+5.4 
+6.09 
+7.38 p 
+9.9 - 322 —331 (35,37) 
+10.72 
—11.92 


322 —331 (35,35) —11.0 


—7.02 
—12.30 —2.00 
0 


—0.47 


+5.0 

+6.70 
+10.25 
+12.45 


423 —432 (35,35) 


—7.46 
—5.35 
—2.22 
—0.72 


em me ee Ga Ge ee ee et Gt Gs Gs Gn 
PNNNRKWBWHRNON HK KWWw 
oa eG Ge Ga Ge Gs Gn Ge 
PHOWNWEN Ue BN wWhw 
Be WWONWNNWe ew 
RPNWNWR WWW tO 
Be RAWONWNNWWHe 
POWwWwsrathwh Oe row 


WBWOWWNNK Whe 
POW UR AWW 
WOWWNNKK WH 
POUa kak aWw Ww 
QW he AUP AWW 


8 
5 
9 
4 
3 
8 


+12.05 

321 —330 (35,35) 
3 —13.7 
8 —11.90 

—7.50 


—6.4 
—1.62 +3.97 
+5.43 


3 

11 

3 

3 +5.20 
3 +6.6 

1 

7 

8 


Qe QW Wwe 
ARPA MW I 
Qe OW Wwe 
APA MW 


1931 +8.83 


As : 51s —Sea (35,35) 
; —5.18 


0 


Qe AWWW Www Ww 
PNUWAWENHAN WH 
om na WW WW 
PNHUNW EPR AWW 


\O 
+5.13 +5.11 








® The primes indicate the final state. 

b J is a theoretical relative intensity of the line inclusive of rotational and 
isotopic abundance parts but not of the Boltzmann factor. The lower limit 
of observation was J ~3. 

¢ The frequencies refer to the distance from the rotational center of the 
group. Weak lines not observed are omitted while the stronger lines not 
observed because of interference are indicated by a dots. 

4 Calculated from eQVaa and eQV» in Table I. For 35,37 & was assumed 
to be zero. Bracketed frequencies indicate a group of unresolved lines. 


much of the quadrupole coupling information about 
35,37 from 35,35 for which relatively accurate data 
were obtained. 
According to assumption (a), # would be the same for 
all C—Cl bonds in phosgene and can be determined if 
the cross derivatives of the field dyadic along any given 
axis are known. Thus far no information of this type 
exists. However, if. it were possible to measure the 
quadrupole coupling constants eQV., and eQV»,, under a 
rotation of the axis system, then # could be determined. 
Although rather small in most molecules, it was thought 
that the effect in phosgene would be measurable because 
of the relatively large rotation (~1°) of the abc prin- 
cipal inertial axis system in 35,37. Unfortunately, no 
transition was found in which R changed enough to 
permit this determination. It was found that to produce 
a 0.2-Mc/sec shift in the energy levels, R? had to vary 
about 100 percent. Table V assumes different reasonable 
values of # as determined by the resulting values of 
eQ*V,, and gives the variation of X+ and R? for the 22 
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level of 35,37. Here z is that principal axis of the field 
dyadic which most nearly coincides with the C—C| 
internuclear axis. It can be seen that there is little 
variation of X+ (29;) for a 2° variation of &. This is 
typical since changes in contributions from eQV aa and 
eQV»» approximately cancel for small #. Also the 
variation of R? (221) is seen to be so small that an 
evaluation of # would lie outside the scope of our 
spectrograph. Since the energy levels are so insensitive 
to # and for lack of a better value, the calculated 
hyperfine structure of 35,37 in Table IV was computed 
on the assumption that 8=0. Obviously this is not 
equivalent to the assumption that the energy levels for 
35,37 differ from those for 35,35 only by the scale factor 
0%-+- 057/20 (i.e., R=0), and rather large errors may be 
introduced in some low-J cases if this assumption is 
made. It might be noticed in Table IV that in the case of 
the two isotopic 322.—3 3; transitions, the quadrupole 
satellites are shifted noticeably from the calculated fre- 
quencies. This deviation is probably due to a second- 
order quadrupole effect caused by the near degeneracy 
of the 33; and 339 rotational levels. To some extent devia- 


TABLE V. The effect of variations of # on some nuclear quadrupole 
coupling parameters. 








0b eQ035V 224 X* (221) 


+4° — 61.89 —9.54 
+3° — 65.12 —9.55 
+2° — 68.91 —9.55 
+1° — 73.37 —9.56 

0° —78.68 —9.56 
—1° —85.14 —9.57 
—2° —93.11 —9.58 











a Mc/sec. 


tions were also found in the 32;— 339 and 524—533 transi- 
tions. Data concerning this fact are so meager and 
relatively rough that it does not warrant a determina- 
tion of eOV,, at this time. 

It is also interesting to note from Table V the large 
variation of eQ*°V,, with 3. Since there is no reason to 
believe that z coincides with the internuclear axis ina 
molecule except in special cases because of symmetry, 
values of eQV., obtained for molecules without a 
knowledge of # must be looked upon with caution. 
Conversely, since eQV,, is so sensitive to changes in#, it 
would be possible to arrive at a good value of # from 
even a rather crude theoretically determined value 
of eOV,:. 

Perhaps the most striking piece of information gained 
from the work is the large value of the dyadic asymmetry 
parameter 7,° where 


eQ Viz— COV yy 
aia . 
eQ Viz 
Since this quantity is # dependent, it has been included 
in Table V where an idea of its magnitude can be 
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MICROWAVE SPECTRUM OF PHOSGENE 


obtained. Townes and Dailey® attribute the rather 
large value of (0.15) in solid I, to a contribution 
from two weaker covalent bonds in the crystal lattice. 
In the case of phosgene, 7 seems certainly as large as 
in solid Iz depending upon #, but here the effect cannot 
be attributed to intermolecular bonding. To account for 
OV z2>eQV yy, where y is perpendicular to the plane of 
the molecule, the electronic distribution, instead of 
being cylindrically symmetric about the z axis, must 
extend to a greater degree out of the plane of the 
molecule. This phenomenon might be due to one or 
more of the following effects: (a) a considerable amount 
of x-type (double) bonding in the C—Cl bond; (b) a 
distortion of the closed shells of each chlorine atom ; and 
(c) a distortion of the charge distribution of the C—Cl 
bonds, presumably by mutual repulsion. Of these, 
perhaps the first is the most important. Besides the 
three trigonal (sp?) bonding orbitals of carbon, there 
exists a 2pm orbital perpendicular to the plane of the 
molecule. Overlap of this orbital with the 3pz orbital of 
chlorine would form a bond with the required charac- 
teristics. Because of the rather large electronegativity of 
chlorine, evidently enough of the charge distribution is 
sufficiently near to the chlorine nucleus to give the large 
observed effect. The observed bond angle of 111.3° 
being much smaller than the theoretical 120° trigonal 
angle should not affect these qualitative arguments. If 
the contribution of the z bond to the dyadic is added to 
that of the sp’o bond, | (eQV.2)ovs| should be smaller 
than if only the pure o bond were considered. For 
example, roughly assuming cylindrical symmetry of the 
t bond along the y axis and of the o bond along the z 
axis, a value of, say, — 75.13 Mc/sec for (e0*V,.)o re- 
quires that (eQ*V,.)ors= — 69.88 Mc/sec. If the rather 
crude postulate were now made that the o bond con- 
tributes to the components of the dyadic an amount 
equivalent to eQ*°V,, for the sp* hybrid bond in methyl 
chloride (eQ*V.,=—75.13 Mc/sec),® then, barring 
other contributions, (e0*V..)obs~— 69.88 Mc/sec for 
for phosgene. This would correspond to a value of 3 
slightly less than +2°. 

The z-bonding effect should not be present in 
tetrahedral molecules such as methyl chloride and 
methylene chloride, or in digonal (sp) molecules such as 
cyanogen chloride because of the absence of a lone 
carbon 2pz orbital. In the former case the superposition 
of the two mutually perpendicular 37 orbitals of 
chlorine leads to cylindrical symmetry about the bond 
axis. In the latter case, two mutually perpendicular 
bonds are formed and the cylindrical symmetry about 
the bond axis also is preserved. 7 would be expected to be 
zero in each instance. The amount of a bonding as well 
as the value of eQV,2, however, depends on so many 
different variables that any of these arguments can be 
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only very qualitative. For example, the fact that r 
bonding is not present in methyl] chloride or methylene 
chloride might be experimentally established by their 
comparatively high values of eQ*V,,, ~37.7 Mc/sec® 
and 39.2 Mc/sec!, respectively. Compared with these, 
eQ*V,, for phosgene is strikingly small. The C—Cl 
internuclear distances in these molecules (1.78A and 
1.77A, respectively) are also larger than in phosgene. 
On the other hand, in cyanogen chloride™-“ (sp 
hybridization) the C—Cl distance is 1.62A while 
eQ0*V,,=41.6 Mc/sec. It might be that here the sp 
orbitals penetrate towards the chlorine nucleus to a 
greater extent than they do in sp* and sp? hybridiza- 
tion. Since the magnitudes of the components of the 
dyadic are dependent on 1/r’, this could account par- 
tially for the large observed values of eOVz:, eOVy,, and 
|eQV..| in sp-type molecules. A study of vinyl 
chloride,'® for which z contributions also would be ex- 
pected, yielded 31.2 Mc/sec for eQV,,. This is com- 
parable to the phosgene value. The asymmetry parame- 
ter 7, however, does not appear to be nearly as large in 
this molecule, while the C—Cl internuclear distance 
(1.70A) is much smaller. 

Effects (b) and (c) above would be enhanced by an 
accumulation of charge in the C—Cl bond. A distortion 
to any great extent of the closed shells could be indi- 
cated by a low value of |eQV.,| and eQV,,. A dis- 
tortion of the bonds, on the other hand, might also 
yield a low value of eQV,,, assuming the charge dis- 
tribution is pushed out of the plane of the molecule. 
Without an accurately determined value of eQV,,, 
however, an evaluation of any of these effects cannot 
be made with too much confidence. But it would seem 
that the mutual repulsion of the bonds is not large 
considering the long range over which the forces must 
act. A distortion of the closed shells could contribute 
a large amount to the dyadic if enough charge accumu- 
lated near the chlorine atom. Townes and Dailey?* 
however, have stated that such effects might be ex- 
pected to be secondary. 

I wish to express my appreciation of the interest and 
assistance of Professor George Glockler, director of the 
microwave project at the State University of Iowa. I 
also wish to thank Dr. C. D. Cornwell for many 
valuable discussions and for his tireless labors with the 
spectrograph. Without this help the problem could not 
have been solved. The technical assistance of Mr. Jack 
Althouse and Mr. Randolph Phillips is also greatly 
appreciated. 

13 Smith, Ring, Smith, and Gordy, Phys. Rev. 74, 370 (1948). 

4 Townes, Holden, and Merritt, Phys. Rev. 74, 1113 (1948). 

15 See also Westenberg, Goldstein, and Wilson, Phys. Rev. 76, 
472 (1949), where e0*°V,.= —79.67 Mc/sec and C—Cl=1.63A for 


chloroacetylene. 
16 J. H. Goldstein and J. K. Bragg, Phys. Rev. 75, 1453 (1949). 
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The pyrolysis of benzyl benzoate, benzyl acetate, and benzyl formate has been studied by means of 
“toluene carrier gas” technique. It has been shown that benzyl-benzoate decomposes according to the 


equation 


Ph-CH2-O-CO-Ph—Ph-CH2: +Ph-COO. 


The Ph-CH:—O-CO- Ph bond dissociation energies have been estimated as less than 69 kcal/mole. Decom- 
positions of benzyl acetate and of benzyl formate are more complicated; the dissociation into radicals is 
accompanied by some decompositions into smaller molecules. 

Our data enable us to determine the relative rates of reactions, 


Ph , +CeH;- CH;—Ph -H+CeH:;- CH:2- 


and 


the latter reaction appears to be twice as rapid the former. 





N this communication we report the results of our 

studies of pyrolyses of benzyl-benzoate, benzyl- 

acetate, and benzyl-formate. Our intention was to de- 
termine the 


Ph-CH.—O-CO-X 


bond dissociation energies (X stands for H, CHs, or Ph) 
and thus to pave the way for calculation of heats of for- 
mation of benzoate, acetate, and formate radicals. We 
investigated these decompositions by using the “‘toluene 
carrier gas” technique, which has been shown to be 
useful for such studies.! The method uses a flow system 
in which the compound investigated is decomposed in 
the presence of an excess of toluene. The latter reacts 
with radicals produced in primary reactions, and con- 
sequently inhibits chain decompositions. Moreover, the 
reaction between these radicals and toluene yields 
benzyl radicals, and the formation of the latter can be 
inferred from the presence of dibenzyl amongst the 
reaction products. Hence, the detection of dibenzy] in 


TABLE I.* 








Benzyl benzoate 
CO2 


Ph -COO -CH2:Ph 


0.322 
0.448 
0.293 
0.323 
0.423 
0.404 
0.430 
0.399 
0.481 


Dibenzy] 
CO2 


0.97 
0.91 
1.16 
0.99 
0.96 
0.97 
1.00 
1.06 
1.00 
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® Technical difficulties prevented us from making similar determinations 
at lower fractions of decomposition. 


1M. Szwarc, Chem. Revs. 47, 75 (1950). 


the products of pyrolysis is indicative of the decom- 

position of the compound investigated into radicals. 
Our studies have shown that the esters investigated 

decompose initially according to the equation 


Ph-CH2-0-CO-X—Ph-CH2:+X-COO. 


However, the decomposition of benzyl acetate and of 
benzyl formate is accompanied by some other primary 
reactions, occurrence of which makes the over-all process 
too intricate and consequently not suitable for determi- 
nation of bond dissociation energies. Hence, we confine 
our report to discussing the results of pyrolysis of ben- 
zyl-benzoate, these decompositions being less affected 
by the undesirable reactions, and in the end we give 
a very brief summary of results obtained in_ the 
investigation of the pyrolyses of benzyl acetate and 
benzyl formate. 


MECHANISM OF THE DECOMPOSITION OF 
BENZYL-BENZOATE 


Assuming that the CeH;-COO—CH2-C.H; bond is 
the weakest one in the benzyl-benzoate molecule, we 
anticipate that reaction (1) 


Ph-COO-CH2:-Ph->Ph-COO-+-CH2:Ph (1) 


would be the initial step of the decomposition. It is very 


probable that thermally unstable benzoate radicals, § 


produced in reaction (1), would decompose rapidly 
according to Eq. (2) 

Ph-COO-—Ph-+COs. (2) 
If the reaction is carried out in the presence of excess 


of toluene then pheny] radicals are expected to be re- 
moved by reaction (3)? 


Ph-+CsHs-CH;—-CeHs-CH2-+CeHs. (3) 
2 Szwarc, Ghosh, and Sehon, J. Chem. Phys. 18, 1142 (1950). 
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PYROLYSES OF BENZYL BENZOATE, ACETATE, 


Finally, under the conditions prevailing in our experi- 
ments benzyl radicals are expected to dimerize. 

According to this mechanism each mole of benzyl- 
benzoate decomposed should lead to the formation of 
one mole of carbon dioxide, one mole of benzene, and 
one mole of dibenzyl. Since reaction (1) is expected to 
be the rate-determining one, its rate would be measured 
by the rate of formation of any of the products, e.g., 
carbon dioxide. 


EXPERIMENTAL 


The thermal decomposition of benzyl benzoate has 
been studied over the temperature range 900°-1000°K. 
Carbon dioxide and dibenzyl in an approximately 1:1 
ratio (see Table I) have been identified as products of 
the decomposition, and the formation of dibenzyl is 
considered as a proof of the radical character of the 
reaction. Dibenzyl and the undecomposed benzyl] benzo- 
ate were condensed together in a U trap following the 
reaction vessel and kept at —10°C. The dibenzyl was 
estimated by transferring the contents of the trap to a 
chromatographic alumina column, eluting with 60-80° 
petroleum ether into a weighed flask, and weighing the 
flask after vacuum distilling the solvent in the cold. 
The accuracy of the method was checked by blank 
experiments. Closer examination of the samples of 
isolated dibenzyl showed that they contained about 
5 percent of diphenyl methane. The presence of the 
latter compound is considered as an additional evidence 
of the formation of pheny] radicals. 


TABLE II. 








Benzyl benzoate 


ko60°K 


sec™! 


PPh -COO -CH2Ph 
mm Hg 





Time of contact about 0.8 sec. 


0.2 0.47 
0.2 0.43 
0. 0.44 
q 0.44 
0.43 

i 0.45 
0.6 0.41 


Time of contact about 2.4 secs 


0.5 0.41 
0.3 0.38 
0. 0.44 
0. 0.41 
0. 
1. 


— 
CONN ON 


0.41 
0.42 


Variation of partial pressure of toluene 
toluene 
mm Hg 
17 6. 
11 9. 
12 10. 
16 17.0 


Effect of packing the reaction vessel (surface increased 7.5) 


31P 0.5 0.44 
32P 0.4 0.42 


0.07 
0.06 
0.05 
0.05 


0.43 
0.44 
0.47 
0.44 
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TABLE III. 








Benzyl benzoate 
% decomposition 
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The rate of formation of carbon dioxide has been 
found proportional to the partial pressure of benzyl 
benzoate suggesting that it was produced by the uni- 
molecular decomposition of the ester. In view of these 
facts we assumed that the rate of formation of CO, is 
equal to the rate of the initial decomposition of benzyl 
benzoate into benzyl and benzoate radicals and the 
first-order rate constants listed in Table II were calcu- 
lated on this basis. The data of Table II give further 
confirmation of the first-order character of the reaction 
by showing that the observed rate constants are inde- 
pendent of the partial pressure of benzyl benzoate, the 
partial pressure of toluene, and of the time of contact, 
and proving that the pyrolysis is a homogeneous gas 
reaction. Table III gives the temperature dependence of 
the rate constants and the plot of logk against 1/T is 
given in Fig. 1. The straight line thus obtained corre- 
sponds to an activation energy of 69 kcal/mole and a 
frequency factor of 2X 10', sec. 

In addition to carbon dioxide, the pyrolysis produced 
smaller quantities of permanent gases which would not 
be expected from the simple scheme given above. 
Combustion analysis of these gases showed them to 
contain over 50 percent hydrogen with smaller quanti- 
ties of methane and carbon monoxide (see Table IV). 
No. “C.” hydrocarbons were detected amongst the 
products of reaction. 

The formation of hydrogen and at least of a part of 
the methane can be attributed to the partial decom- 
position of dibenzyl. This phenomenon has been ob- 
served in other pyrolytic studies and it is discussed 
elsewhere.? The decomposition of dibenzyl should be 
favored by a longer time of contact, and it is significant 
that the amount of permanent gases produced increases 
with increasing time of contact. The measured amount 
of hydrogen and methane corresponds to about 25 
percent of the carbon dioxide produced showing that 
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Fic. 1. Benzyl benzoate. Rate constants based on d(CO2)/dt. 


the reaction producing these gases is only a minor side 
reaction. 

We paid considerable attention to the problem of 
carbon monoxide formation. Carbon monoxide could be 
produced either by the reduction of the carbon dioxide 
which was initially formed in the pyrolysis or by some 
reaction (or series of reactions) which lead directly to 
its formation. We tested the first alternative by carrying 
out experiments in which a mixture of toluene and 
carbon dioxide was pyrolyzed under the conditions 
prevailing in our normal runs. These experiments 
showed conclusively that carbon dioxide is not reduced 
under these conditions. We inquired whether the radi- 
cals present in our system might cause the reduction of 
carbon dioxide. To test this possibility we carried out 
experiments in which a mixture of toluene, ethyl- 
benzene, and carbon dioxide were pyrolyzed. From 
previous investigations we know that under our experi- 
mental conditions ethyl benzene decomposes into benzyl 
and methyl radicals and, at higher partial pressures of 
ethyl benzene, hydrogen molecules and atoms might be 
also produced.® However, even under these drastic con- 
ditions no carbon monoxide was detected. We conclude, 
therefore, that the carbon monoxide observed in our 
experiments does not arise from the reduction of carbon 
dioxide. Closer examination of the data shows that the 
relative amount of carbon monoxide produced is inde- 
pendent of the time of contact and of temperature, but 
it is approximately proportional to the ratio of benzyl- 
benzoate/toluene. This is shown in Fig. 2 in which the 
ratio of CO/COz, is plotted against the ratio of benzyl- 


3M. Szwarc, J. Chem. Phys. 17, 431 (1949). 
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benzoate/toluene. This observation suggests that tolu- 
ene and benzyl-benzoate compete for phenyl radicals 
produced in the initial decomposition, namely, 


Ph-+(CH;-Ph—Ph:-H+Ph-CH:-, (3) 


Ph: +Ph-COO-CH)-Ph—Ph-H 
+Ph-COO-CH-Ph-. (4) 


The latter reaction being followed by the rapid decon- 
position of the Ph-COO-CH- Ph radical, 


Ph-CO-OCH-Ph—Ph:+CO+Ph-CH:0. (5) 


To test this suggestion we analyzed the products of the 
pyrolysis for benzaldehyde, and we found that benzal- 
dehyde is indeed formed in the reaction, semiquantita- 


TABLE IV. 








Benzyv! benzoate 
Pernianent gases 
CO: H2 


0.30 
0.42 
0.39 
0.40 
0.38 
0.41 
0.48 
0.29 
0.29 
0.30 
0.27 
0.32 
0.28 
0.30 
0.28 
0.29 
0.28 
0.28 
0.28 
0.29 


Permanent gases % 
CHa 











tive determinations showing that its amount is roughly 
proportional to the amount of carbon monoxide formed. 
Hence, if our suggestion is correct, the slope of the 
straight line given in Fig. 2 yields the ratio k4/k3. Since 
the CO/COz ratio is independent of temperature, it 
appears that reactions (3) and (4) proceed with approxt- 
mately equal activation energies.* 


BOND DISSOCIATION ENERGIES 


Discussion of our experimental results leads to the 
conclusion that the observed over-all activation energy 
corresponds to the Ph-CH2,—O-CO-Ph bond dissocia- 
tion energy, i.e., 


D(Ph-CH:—O-CO- Ph)=69 kcal/mole. 


* Both E, and E; are expected to be small and thus the sug- 
gestion E;~E£, is very plausible. 
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Fic. 2. Benzyl benzoate. Relative rates of reactions (3) and (4). 








However, there are reasons to doubt the correctness of 


this estimate. 
1. The frequency factor, calculated from our data, 


seems to be high, namely, 2:10" sec. 

2. It is our feeling that D(Ph-CH,—O-CO-Ph) 
should be rather less than 69 kcal/mole, since a lower 
value would be more consistent with the available data 
| on somewhat similar bond dissociation energies. 

There are some remarks concerned with point 1. It 
appears that values of the order 10" sec are charac- 
teristic to frequency factors corresponding to uni- 
molecular dissociations of molecules into radicals and 
aloms, i.e., corresponding to a process R-X—R+X, 
X being an atom.‘ On the other hand, there is evidence 
that unimolecular dissociation processes which lead to 
a rupture of molecules into two big fragments corre- 
spond to higher-frequency factors. If these observations 
are correct, then they might point to the freedom of 
rotation of fragments in the transition state.} Of course, 
no gain in entropy is accrued in the case of dissociation 
into a radical and an atom, in agreement with many 
observations. The gain in entropy of rotation leads to 
the increase in heat of activation, thus the observed 
activation energies are greater than the corresponding 
dissociation energy. 

Although it is premature to reach any definite con- 
clusions on this subject, since more experimental data 
are required, we would like nevertheless to suggest that 


D(Ph-CH,—O-CO-Ph-)<69 kcal/mole. 
*M. Szwarc and D. Williams, Nature 170, 290 (1952). 


See, e.g., Faraday Society Discussions on the Reactivity of 
Free Radicals (Toronto, 1952). 
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TABLE V. 








Benzyl acetate 
CO2 


CH3-COO -CH2:Ph 


Dibenzyl 


CH, 


Dibenzyl 
CO:2 








0.94 
0.93 
0.97 
0.85 


0.53 
0.53 
0.51 
0.45 


0.406 
0.434 
0.436 
0.606 








TABLE VI. 








Benzyl] formate 
CO2 


H -COO -CH2-Ph 


0.348 
0.385 
0.408 
0.416 


Dibenzyl 
H:+CHs 


0.84 
0.80 
0.80 
0.85 


Dibenzyl 
COz 


0.56 
0.51 
0.52 
0.58 








rK. 





977 
983 








DECOMPOSITION OF BENZYL ACETATE AND 
OF BENZYL FORMATE 

Decompositions of these esters have been studied 
very carefully. However, in spite of considerable experi- 
mental material which was accrued during this investi- 
gation, we were unable to elucidate completely the 
mechanism of decomposition. The difficulty arises from 
the occurrence of some reactions which probably result 
from a direct decomposition of these molecules into 
smaller molecules, e.g., 


Ph-CH 
H \ 
O 


Ph-CHO 


—_ 


+ 
CH;CO  CH,+CO; 
Ph-CH Ph-CHO 
H \ 
o> 
a 
HCO H,+CO (or CH;0). 


There is no doubt, however, that the decomposition 
of these compounds proceeds also via radical mecha- 
nism. The data collected in Tables V and VI, demon- 
strate that dibenzyl is formed during the reaction, and 
this is considered as evidence for radical formation. 

In view of these complications, no great significance 
can be attributed to the rate constants calculated on 
the basis of CO. formation or of CH, formation. 
Nevertheless, it is worth while to mention that such 
calculations lead to rate constants, activation energies, 
and frequency factors which are close to the values 
obtained in the decomposition of benzyl-benzoate. 
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A configuration interaction study of the lower-lying electronic energy levels of molecular oxygen is made. 
With the 1s and 2s shells kept filled, the remaining eight electrons are distributed among the twelve spin- 
orbitals arising from the 29 levels on each atom. The atomic functions are represented as Gaussians, which 
are poor atomic functions but facile integrands in many-center integrals. The molecular orbitals are formed 
as symmetrical linear combinations of the atomic orbitals, simply for convenience. Inclusion of all con- 
figurations implies complete equivalence of all possible constructions of linear combinations. 

Out of the 495 configurations (many-electron determinants) a group of nine states of *2,~ character is set tions 
up and twelve of !'2,* character. The interaction matrix of each block is computed and diagonalized (by revie 
electronic computer). The results for the ground state, which is a triplet, are very good. The binding energy If 
is off by 2 percent, the internuclear distance is off by 1 percent, the fundamental nuclear vibration frequency ' 
is off by 4 percent. The lowest singlet state is not given as accurately. 

The energies and wave functions for the lowest triplet and singlet are calculated and compared for various 
values of internuclear separation. Discussion is made of the validity of single configuration theory, from 


and 1 
comb 


both the Heitler-London and Hund-Mulliken points of view. 





I. INTRODUCTION 


HE modern theory of molecules, as that of atoms 
and solids, is based on the one-electron approxi- 
mation developed along lines characterized as orbital 
theory. The theory recognizes the electron-nucleus 
interaction as the dominant potential energy term in 
the Hamiltonian, for without it there could be no 
bonded structure, and it assumes a degree of dominance 
sufficient to justify an independent particle description 
of the many-electron system. In this way models are 
developed wherein each electron is assigned to an indi- 
vidual orbital and the wave function of the entire 
system is constructed as a product of the individual 
one-electron functions. There are two ways to use this 
concept of orbitals; one procedure cannot be more than 
a one-electron approximation, the other has the theo- 
retical possibility of converging to the true solution of 
the many-electron Schrédinger equation. The first 
procedure, which can be typified by the name of Har- 
tree-Fock, attempts to arrive at the best possible 
orbitals to be used in a single product-function. The 
other procedure, a configuration interaction study, 
looks for an optimum decomposition of the molecular 
wave function into a set of manageable and physically 
understandable product-functions. This paper covers an 
investigation of the lower-lying electronic energy levels 
of molecular oxygen expressed in terms of configuration 
interaction. The electron orbitals are fixed functions 
but there are enough so that the state of the molecule 
can be represented as a linear combination of certain 
configurations. 


II. CONFIGURATION THEORY 


This is the general program. We begin with a set of 
N single-particle functions ;(@). The symbol # stands 


* Supported by the U. S. Office of Naval Research. 

Tt Part of a thesis submitted in partial fulfillment of the require- 
ments for the Ph.D. degree at the Massachusetts Institute of 
Technology. 

t Now a member of the Lincoln Laboratory at M.I.T. 


for the spatial coordinates and a spin coordinate. With 
a spin-free Hamiltonian, a u; can be taken as a product 
of a spatial function and a spin function 


u.(@)= eile) , 
B 


where x denotes the three spatial coordinates, a indi- 
cates that the z component of spin is +3, and @ indi- 
cates that the z component of spin is —}. It will be 
shown later that there is no loss of generality in assum- 
ing the y’s form an orthonormal set. 

The next step is the selection of n(n<N)u,’s and 
the assignment of x electrons to this subset. There are 
N !/n!(N—n)! possible selections. Each selection de- 
fines a product wave function which is to be antisym- 
metrized in accordance with the exclusion principle and 
which can be concisely written as 


p= (n!)—} det{m(1)m2(2)---un(n)}. 


The x tuple in the brackets is the diagonal row of the 
determinant; it specifies the particular configuration. 

The final step is to diagonalize the Hamiltonian in the 
finite dimensional space spanned by the N !/n!(N—n)! 
configurations. If V were infinite and the w,;’s formed @ 
complete set, this procedure would yield a rigorous solu- 
tion to the wave equation. With a finite V, we mus! 
hope that the configurations used are the most influen- 
tial ones of a complete set. This is the practical problem. 
Towards its solution the criterion for best one-electron 
orbitals should be established. This criterion will not be 
derived in this paper. However, it is possible to do 
oxygen to an extent whose complete correspondence 1 
other molecules would be untractable. Examination of 
the oxygen wave functions may allow some judgment 
as to what types of configurations are the most Im- 
portant ones. 
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ELECTRONIC ENERGY 


Ill. THE ATOMIC CORRESPONDENCE 


A measure of the extent of configuration interaction 
considered can be seen in the atomic level system at 
infinite separation. A classification of molecular states 
must become a classification of atomic states at infinite 
internuclear separation or, going in the other direction, 
a molecular state is seen to arise from a superposition 
and consequent interaction of atomic configurations. 
In orbital theory we effect this atomic correspondence 
by constructing molecular orbitals as linear combina- 
tions of atomic orbitals.! At this point, it is well to 
review a basic theorem. 

If u;(Z) (1<i< N) isa set of NV independent functions 
and 0;() (1< 7<N) is a set whose members are linear 
combinations of the first set, 

o;== >, Ci; 

then the entire set of N!/n!(N—nx)! configurations 
formed with the w,’s as elements is equivalent to the 
entire set of V !/n!(N—n)! configurations formed with 
the v,;’s as elements. The same energy levels will be 
derived with either representation. Neither representa- 
tion can describe the system more’ completely than the 
other.’ 

With the freedom guaranteed by the equivalence 
theorem, the uncombined atomic orbitals themselves 
may be chosen as molecular orbitals, to form what 
might be called the primitive set. The calculations can 
be simplified, usually, by orthogonalizing and sym- 
metrizing the primitive set according to the geometry 
of the molecule, but it must be understood that al- 
though the new representation may be more diagonal, 
it cannot be more complete. 

The primitive set will asymptotically describe 
atomic states of varying degrees of excitation and 
ionicity. In general one would have to neglect many 
high-lying atomic states in order to carry out the calcu- 
lation. For oxygen we are fortunate in that the obvious 
selection of atomic orbitals, and all the configurations 
thereby implied, does not lead to an insurmountable 
number of configurations. By the obvious selection we 
mean that set indicated by the normal atomic configura- 
tion, 1s°2s?2p4. These twenty functions can be taken 
as the primitive set for the oxygen molecule, 


Is|” 25]" pal 2 “9 ve 
ft aft anft anf aft 
ep le ole ‘le * Ie 


A set of ten for each atom.’ At infinite separation we will 
tecognize normal, excited, singly ionized, and doubly 
lonized oxygen atoms. Actually, only those configura- 
Ls 


'W. Moffitt [Proc. Roy. Soc. (London) 210, 224 (1951) ] main- 
tains that this is too drastic a step and an unnecessary one at this 
= We will return to his criticism at the conclusion of this 

Tr. 
* Appendix I contains a proof of this theorem. 
¢ functions will be given analytically later on. The notation 
of 0, +, — signifies the component of orbital angular momentum 
about the internuclear axis as either 0, +1, or —1. 
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tions in which the 1s and 2s shells are filled will be 
considered. It is perhaps more honest to say that the 
primitive set consists of the twelve 2 orbitals into 
which we will assign eight electrons in 495 possible ways. 


IV. THE HEITLER-LONDON AND HUND-MULLIKEN 
APPROXIMATIONS 


Expectation of the Present Calculation 


Before setting up the full configuration interaction, 
we would like to review the two standard single con- 
figuration approximations, mainly to establish a back- 
ground for our results. The well-known Heitler-London 
and Hund-Mulliken schemes are attempts to represent 
a molecular state as a single configuration. Each is out- 
fitted with an ordered set of wave functions and, start- 
ing at the bottom level, electrons are assigned until all 
the electrons are accounted for. The Heitler-London, 
sometimes expanded into the valence-bond, configura- 
tion describes each electron fixed in its aboriginal atomic 
state, an approximation accurate only at large separa- 
tions. The Hund-Mulliken* method has an electron 
distributed equally about each nucleus in a simple 
type of molecular orbital patterned after the rigorous 
solution to the hydrogen molecule ion. A Hund-Mulliken 
configuration is valid for small internuclear distances. 
It describes strong overlapping of the atoms, and it does 
not separate into unmixed atomic states at infinite 
separation. 

According to the Heitler-London picture, electrons 
are paired off with opposite spins. The combination of 
two normal oxygen atoms should yield a singlet ground 
state for the molecule (zero-resultant spin). This is 
just not so. The ground state of the oxygen molecule is a 
triplet state (one unit of total spin angular momentum). 
The Hund-Mulliken assignment takes better advantage 
of p orbital degeneracy. There are two standard molecu- 
lar orbital levels for each of the atomic p levels. The 
lowest level is fo like and it is filled with two electrons 
of opposite spin. The other fp like level is not next in 
line; it lies above the + and — levels. Therefore, the 
next two electrons go into a p, level, the next two go 
into the equivalent p_ level, and the remaining two have 
a choice of four space-spin positions on the + and — 
level. Hund’s rule, used as in atomic structure, decrees 
that the state of highest spin should be lowest. 

This is a rather sketchy outline of what happens 
with the two approximations. Nevertheless, disagree- 
ment exists and is stimulus for the study of the com- 
plete system of configurations. We shall extract, in 
significant detail, the lowest triplet state and its com- 
peting singlet state. Projection of the proper combina- 
tion of configurations upon the frameworks of the two 
simple approximations should reveal the domain of 


4 The Hund-Mulliken method is often referred to simply as “the 
molecular orbital method.” In this article a molecular orbital is a 
wave function used in a molecular problem, not necessarily a 
symmetry orbital. Perhaps we should call the Hund-Mulliken 
type “standard molecular orbitals.” 
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validity of each and the mode of accommodation of the 
inappropriate technique to the region belonging to the 
other. Such an analysis of the wave functions of para- 
magnetic oxygen should be useful in the study of ferro- 
magnetic solids, for the degeneracies inherent in the 
oxygen problem approach those involved in the bonding 
of d-shell electrons. 

We will now go on to the computation, returning to 
the choice of atomic functions. 


V. THE ATOMIC FUNCTIONS 


A computational detail which presents a major 
hurdle in this type of problem is the evaluation of many- 
center integrals. Overlap, kinetic energy, electronic 
interaction integrals between numerical or simple ex- 
ponential types of atomic orbitals are very difficult to 
carry out. At the time this work was begun very few 
had been explicitly calculated, although much recent 
work has been done.® A suggestion of Boys definitely 
relieved the situation of any element of impracticability 
with respect to getting integrals done. Boys demon- 
strated the simple evaluation of many-center integrals 
between atomic functions which are Gaussian exponen- 
tials 

xly™s" exp(—ar’). 


In fact, denoting the various origins of the problem 
(i.e., positions of the nuclei) by 


A,A,A, 
B,B,B,, etc. 
and letting 
XA = X— A z K=-—- Vv? 
aA=exp(—ar’?) V.=2/r, 
M= 2/r12, 
then these integrals are given in the paper 
(aA |bB) overlap 
(aA | K|bB) kinetic energy 
(aA|V,|bB) nuclear framework 


(aA%bB|M|cC@dD) electronic interaction. 


The advantage of the method is that integrals in- 
volving non-s like functions (z4 exp(—ar’)A is a p 





me 
N 
LY, 





Fic. 1. Coordinate system. 


5 For a bibliography see C. C. J. Roothaan, J. Chem. Phys. 19, 
1445 (1951). 
6S. F. Boys, Proc. Roy. Soc. (London) 200, 542 (1950). 
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function) can be obtained from those given in the paper 
by differentiation. To bring down a 2, into the integrand 
of an integral here, differentiate with respect to A, and 
divide by 2a. 

The Gaussians are not the best representations of 
atomic functions, but that is the point. The proper 
adjustment of molecular levels will come about not so 
much from a choice of really good atomic orbitals, but 
rather from a full perturbation procedure applied to the 
great number of degenerate molecular functions. 

Specifically then, the atomic functions used are 


1s—exp(—ar’) 
2s—exp(—br*)— exp(—ar’) 
(made orthogonal to the 1s) 
x+t1y 
2p-| z 


x—ty 


exp(—6r’). 


The energy of an atomic 1s? (Z=8) configuration was 
minimized to get the half-width or a factor for the 1s 
function. As a check, the overlap integral between the 
two 1s functions was evaluated and compared with the 
corresponding integral in which the standard simple 
exponential was used. It was demanded that the in- 
tegrals drop to half their zero separation values at the 
same point of internuclear separation. The a factor 
fitted the check nicely. 

The b factor of the 2p function was determined by a 
correspondence between overlap integrals. The (po, po) 
overlap integral using Gaussians was made to go through 
zero at the same point that the integral using the simple 
exponential function does. The final choices are 


a=20 
b=0.8. 


VI. THE MOLECULAR ORBITALS AS LINEAR 
COMBINATIONS OF ATOMIC ORBITALS 
There are an infinite number of ways to orthonormal- 
ize a set of independent functions. Because of the equiv- 
alence theorem, we know that in the long run it will 
make no difference how we do it. The run will be all 
the more pleasant, however, if we design the molecular 
orbitals so that the symmetry properties of the de- 
terminantal functions will be either obvious or easily 
discernible. ; 
The Hamiltonian and the coordinate system follow: 


ae ne ear 
i RTE cence enero — one 
i=l @ |[r—3R| ¢ |re+43R| Kiri R 


Figure 1 is meant to show that the origin is located 
midway between the two identical nuclei, the z axis lies 
along the internuclear axis, the internuclear distance 
R. Hereafter, we shall distinguish atomic orbitals 
located on the different nuclei by means of the prime 
symbol. The following is the notation for the normalized 


7 The unit of distance is the Bohr radius ap=0.5293A. The unit 
of energy is the hydrogen atom ionization energy ¢/2a9= 13.602 ev. 
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s= (4/2a)~ expl—a(r+3R)"] 
s’ = (4/2a)~* exp[ —a(r—3R)*] 
o= (4/2b)~* exp[—6(r+3R)"] 
a’ = (1/26)? exp[—b(r—3R)*] 
po=2(b)}(x/2b)-*(2+3R) expl —b(r+3R)*] 
po’ =2(6)4(4/2b)~*(z—3R) exp —b(r—3R)*] 
p= (2b)4(4/2b)~*(xiy) expl—b(r+3R)*] 
ps! = (2b)4(r/2b)~* (xi) expl—b(r—3R)*]. 


Now there are certain dynamic and symmetry opera- 
tors which commute with the Hamiltonian. Configura- 
tions can be grouped into sets which are eigenfunctions 
of these operators and between sets of different charac- 
ter there will be no matrix component of the Hamil- 
tonian. The operators are total spin, z component of 
total spin, component of total orbital angular momen- 
tum, inversion of all electronic coordinates through the 
origin, and reflection of all the electronic coordinates 
through a plane containing the molecular axis. We have 
combined the atomic orbitals into ‘molecular orbitals of 
definite axial angular momentum and definite parity 
(inversion character). They are 


1 1 
ents) xem G—s) 
N , 

a", (o+0’)+A (s+s’)} 


| na : 
Kee Mee) + (s—s’)} 


go= a (po- po )+B(o+o’)+C(st+s’)} 
V 


J 
Xo= a (pot po )+ E(a—o’)+F(s—s’)} 
\ 


i, 
=—(pit py’ 
¢+ vg Pt ps’) 
K 
X27 (ba Px). 


They can easily be shown to satisfy the following be- 


havior tablulation : 


Under inversion 


Ps Ge 
Go Go 
go go 
Xs?>—Xs 
Xe—Xoe 
x0 — xo 
4 — Gs 
X4*Oxs 


Axial reflection 
(yz plane) 
Pst Ge 


XsXs 

¢o Go 

XaXe 

yo Go 

xoxo 

9+ — ¢- 

x —X... (1) 
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TABLE I. Molecular orbital coefficients. 











R N? A Pp D 

1.5 0.75316 —0.28078 1.80210 —0.19627 
2.0 0.87747 —0.24952 1.33989 —0.22753 
2.5 0.97632 —0.24048 1.16017 —0.23658 
4.0 1.05846 —0.23853 1.06220 —0.23853 
6.0 1.06033 —0.23853 1.06033 —0.23853 
9.0 1.06033 —0.23853 1.06033 —0.23853 


1.06033 —0.23853 1.06033 —0.23853 
R M2 B Cc J E F 


0.89789 —0.38777 —0.00014 5.95571 0.94443 —0.07635 
0.74952 —0.30863 0.03918 2.57830 0.47239 —0.06965 
0.77155 —0.17724 0.03424 1.57892 0.21065 —0.04146 
0.98082 —0.00932 0.00222 1.02004 0.00631 —0.00150 
0.99998 0.00000 0.60000 1.00002 0.00000 0.00000 
1.00000 0.00000 0.00000 1.00000 0.00000 0.00000 
1.00000 0.00000 0.00000 1.00000 0.00000 0.00000 
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The ¢g’s are already orthogonal to the x’s because of 
the symmetries. The coefficients are determined by the 
stipulation that the g group and the x group each form 
an orthonormalized set. Because of the large value of a, 
the 1s functions overlap to an absolutely negligible 
extent [~exp(—4aR?) | and so the normalization of ¢, 
and x, is independent of R. Things are arranged so 
that the atomic correspondence is evident. In fact, at 
infinite separation 


1 1 
qed (2s)+ (2s)’} nek (2s) — (2s)’} 


1 1 
eC OP)+ (20) xa 1 20) (20) 


Table I lists the values of the coefficients at various 
internuclear distances. 


VII. THE MOLECULAR CONFIGURATIONS 


Our orbitals are now fixed and we can begin the 
assignment of electrons. As stated, the 1s and 2s shells 
will be kept filled with eight electrons. The closed shells 
contribute no spin angular momentum to the molecule, 
they have even parity, zero axial angular momentum, 
and are invariant under a reflection operation. We can, 
therefore, go on to assign the remaining eight electrons 
to the 2 orbitals and classify the molecular configura- 
tions without worrying about the inner shells. 

Table II begins the cataloguing of states. Each 2p 
level can be filled with a maximum of four electrons; a 
spin pair can go into the ¢ orbital and another spin pair 
can go into the x orbital. The table exhausts all the 
possibilities of assignment of eight electrons to the 
twelve positions. 
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TABLE IT. Possible values of M,. One-electron angular momen- 
tum is denoted by m; and total axial angular momentum is de- 
noted by My. The first three rows of the table indicate the 
occupation numbers for each level of m:;. The fourth row indicates 











M,=21 m1. 
mi Number of electrons 
+1 ‘*64 42424 323Gb SDs 2ita.d 
0 'Sszi@©432143 2434 4 
—1 O42 28422 ¢e 4246 4544 
ML +44342+1 0 42+1 0 -1 0 —1 —2 -2 -3 - 








columns 










































We shall investigate only states of zero total axial 
angular momentum. The next step is to take the three 
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and expand their possibilities with the details of spin 
assignment. This has been done in Table ITI. 

Actually, we have only listed states of even total parity, 
states which transform into themselves under inversion. 
The parity character of the determinantal function is 
the product of the individual parity characters. The 
notational pattern is this: the tabulated electron assign- 
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stands for the determinant 








v 16! 


tion for 





det { g.a(1) 968 (2)x sa(3)x 8 (4) 


> p(—1)?P- { goa(1) o08(2) g4a(3) 948 (4) 
Xx+a(5) ¢_a(6) ¢_8(7)x-B(8)}, 


where P runs over the 8! permutations of the 8 vari- 
ables and is the number of interchanges that must be 


X Goee(5) GoB (6)x 00 (7)x 08 (8) Goa (9) G08 (10) 
X ¢+a(11) 946 (12)x40(13) g_a(14) 
X ¢_B(15)x-6(16)}. 


Since the closed shells contribute nothing pertinent for 
classification, we may use the form as a working nota- 
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arrangement. 


The interconnections of the various configurations by 
reflection in an axial plane are shown in the eighth 
column. The molecular orbital behavior table (Eqs. 1) 
serves as guide; we have only to account for a possible 
change in the standard arrangement by the proper sign, 

The last column indicates the transformation of each 
configuration under application of the total spin oper. 
ator.8 We have recorded the behavior of only one con- 
figuration of a connected group. It is sufficient to include 


made to obtain the permutation from the standard 


only states of total z component of spin equal to zero. 


We shall investigate the *}>,~ and '}°,* states. The 
symbol *}°,~ denotes a wave function associated with 
one unit of total spin angular momentum, zero units 
of total axial angular momentum, an even parity (| 
under inversion, and a change of sign (—) under a 
reflection through an axial plane. It turns out that the 
ground state of the oxygen molecule will come about 
from the interaction of nine *}°,~ states, while the 
interesting singlet state will be evolved out of twelve 
1)" ,* states. These states are set up from an inspection 
of Table III and are presented in Eqs. 2. At this point 
we have our set of initial molecular states, states of 
definite multiplicity and of definite symmetry. The 
matrix of the Hamiltonian must now be computed and 


diagonalized, 

vo=2-4(I*—I,*) 
Y,=27(11I*—I1/,*) 
¥-=25([+1,) 
va=27°(/+11,) 
Ye=2-(1X4+1X,) 
¥p=279(X+X,) 
¥,=3 (11 —-I11,4-ViI—VII,) 
¥i=3(IV—IV.+VI-VI,) 
¥i=43(V—V.4VIII-VII1,) 


a= 12-2(20*+27,*— *— 11 ,*—1*—111,*) 
vo=3(I*+-I11,*—11*—11,*) 


¥.=IV* 

va= VII* 
ve=274(V*+ VI*) 
¥=27(1—I,) 


¥,=2-4(1I—I1,) 
v= 24-4211 +2111 ,—2V11—2V11,—1V 


—IV,4VI+VI,—-V—V.+VII+VII1,) 


Lr 








Lv 







¥i=8-7(V+V,—VITI—VIII,—1V —1V.4VI4+V1)) 


yj=250(1X—IX,) 
Wi=2-1(X—X,) 
yW=X. 


8 The spin algebra is standard and is reviewed in Appendix I] 
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TABLE III. Configuration tabulation. 
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Vill. SETTING UP AND DIAGONALIZING THE MATRIX 


To review the formation of the secular equation. For 
either of the two noninteracting blocks, *}°~ or '}0,*, 
we approximate an eigenfunction by the form 


V,=D 5 a;"Wi, 


where y; is one of the orthonormalized states in the set 
(Eqs. 2). For a given wu, the numbers a; may be con- 
sidered a vector with components along the basic set 
of axes ¥;. We shall be asking for eigenvectors and 
eigenvalues by beginning with 


AV ,=EW, 
HY aj" j= ED 5 aj%j. 
A necessary condition for this to hold is that 


os Oj*H y= Ey dj 05% ij 


this being the result of multiplying on both sides by y* 
and integrating over all the electronic coordinates, 
including spin. Interpreting our symbols as matrices 
and vectors, we may rewrite the last equation as 


Ha‘= E,a". 


We are to form the matrix of our Hamiltonian between 
the initial set of configurations. Its eigenvalues are the 
electronic energy levels; the corresponding eigenvectors 
are the representations of the electronic wave functions 
i terms of the initial set of configurations. 


The integrals over determinantal functions were re- 
duced to sums of one- and two-electron integrals in the 
usual way.® In this process, one must keep track of the 
relations between standard arrangements. The all im- 
portant question of signs depends upon the definitions 
of standard arrangements. A standard arrangement is a 
flexible thing, more or less a question of taste, but we 
have tempered this flexibility by connecting the con- 
figurations through symmetry operations. In arranging 
two configurations in an integral, correlation must be 
maintained with the “fundamental” standard arrange- 
ments listed in Table III. 

The inner shell electrons contribute to the diagonal 
energies in a nontrivial way. First, there is the inter- 
action of the 1s and 2s electrons among themselves 
and with the nuclear framework; this energy being the 
same for each diagonal element, although varying with 
internuclear distance. The second contribution comes 
from the interaction of the 2 electrons with the inner 
shell and differs from one state to the other. The go 
and xo orbitals are distinguished from the others by the 
core at finite separation. 

Finally, as a computational aid, we mention certain 
inequalities useful in checking integrals. Roothaan” has 
derived some which are important from both a theo- 
retical and a computational point of view and these are 
presented in Appendix III along with a new one which 
brings in the so-called “hybrid” integrals. 

9J. C. Slater, Quantum Theory of Matter (McGraw-Hill Book 


Company, Inc., New York, 1951) first edition, p. 192. 
 C, C. J. Roothaan, Revs. Modern Phys. 23, 69 (1951). 





TABLE IV. Tabulation by space orbital. 
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Diagonalization of high accuracy was performed by 
Whirlwind, the M.I.T. high-speed electronic digital 
computer. Using an 8-decimal digit capacity, the ma- 
chine guaranteed 7 digits in the eigenvalues and about 
4 in the eigenvectors. Actually, it is unfair to talk so 
of the accuracy in the eigenvectors. One might interpret 
the variation theorem as the statement that an eigen- 
vector need, possibly can, only be determined to about 
half the digital accuracy of the corresponding eigen- 
value. In any case, we can now proceed to the presenta- 
tion and discussion of results. 


IX. RESULTS 
Eigenvalues 


Table III is a rather too detailed specification of the 
configurations. It is sufficient and perhaps less confusing 
to tabulate the states as in Table IV. Here, all that is 
specified is the space orbital assignment. In fact, only 
the absolute value of the orbital angular momentum is 
indicated. (A molecular orbital is symbolized by a Greek 
small script letter (c, 7, 6, ---) to indicate the absolute 
value of the axial angular momentum (0, 1, 2, ---) and 
a subscript (g or ~) to indicate even or odd parity.) 
The specified character of the states dictates how spin 
and orbital motion directions are to be assigned and 
the determinants grouped. 

The triplet state labeled c is the one that would be 
used in single configuration theory. It represents the 
Hund-Mulliken approximation described above. Simi- 
larly, the singlet state labeled f would be taken as the 
first approximation to the higher-state of the molecule. 
Hund’s rule finds expression in the matrix where the 
diagonal energy of the triplet is indicated to be less 
than that of the singlet by twice the value of an ex- 
change integral." The exchange integral is positive and 
does not vanish at infinite separation. This persistent 
energy difference between the singlet and triplet states 
is one aspect of the incompleteness of single configura- 
tion theory. The problem is to maintain the order of 
states at molecular distances while allowing both states 


1 The formulas for the matrix elements and the numerical ma- 
terial not included in this paper will be available in a technical 
report of the Solid State and Molecular Theory Group of M.I.T. 
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to decompose into two normal oxygen atoms at ‘p. 
finite separation. 

Though single configuration theory is wrong at large 
distances, it is often used for calculations of the dissocia- 
tion energy. Table V lists the diagonal matrix elements 
of state c and state f as functions of internuclear dis. 
tance. The equilibrium separation of oxygen is 2.28 
atomic units, and the dissociation energy is 0.3735 
atomic units.” State c is a miserable representation of 
actuality. It might very well be argued that the use of 
Gaussians distorts the theory considerably. Accepting 
this, it is really quite heartening to see what configura- 
tion interaction will do. Table VI lists the energy levels 
which are the eigenvalues of the matrices which de- 
scribe the configuration interaction. Before discussing 
the improvement in dissociation energy, let us first 
point out the continuity from defined atomic states of 
various degrees of excitation, ionicity, and degeneracy 
to the set of noninteracting molecular states. The 
lowest singlet state still lies above the lowest triplet 
state at large distances. Both rise coincidentally until 
about 4 atomic units. From here on in, the molecule 
takes shape; the triplet energy takes a sharp bonding 
fall and the singlet state lags above it. 

To get a better judgment of the predicted binding 
energies by other than graphical means, Morse curves 
can be introduced. This has been done for the lowest 
triplet and the lowest singlet. The energy is expressed as 


E=A+D[1— e180 Pf, 


The four parameters were determined by forcing agree- 
ment with the calculated energy values at R=1.5, 2.0, 
2.5, and 4.0." For the triplet state 





























A=—0.3728 
D=0.5079 
a= 1.649 

Ro=2.255 






and for the singlet state 


A=-—0.2109 
D=0.3205 

a= 1.760 
Ro= 2.30. 









A is, of course, the depth of the energy curve which has 
its minimum at R=Rp». The binding, or dissociation, 





TABLE V. Single configuration approximation energies. 


















R 1.5 2.0 2.5 4.0 6.0 9.0 ° 
83D- 2.78263 —0.11554 —O0.11205 0.99287 1.26201 1.37476 1.59798 
12,* 3.03784 0.12248 0.11047 1.19632 1.46401 1.57663 1.7998 

















12 G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, New York, 1950). ‘ 

13 The a in the formula is not related to the a of the atom 
orbitals. 
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ELECTRONIC ENERGY LEVELS OF MOLECULAR OXYGEN 


TaBLe VI. Final energy values. 








1.5 


2.0 


2.5 


4.0 


6.0 


9.0 


Atomic multiplet 





2.72829 
6.40877 
7.76336 
8.29122 
8.78366 
10.4106 
10.5320 
10.9300 
14.4078 


2.79791 
2.99230 
5.73553 
6.73148 
6.84833 
8.07864 
9.17578 
10.5099 
10.6910 
10.7902 
11.8867 
14.7282 


— 0.23468 
1.54484 
2.38823 
3.01394 
3.46764 
4.00478 
4.46958 
4.70011 
6.54955 


—0.05417 
1.62544 
1.92591 
2.46215 
2.67301 
3.79130 
3.85523 
4.37816 
4.82006 
5.36583 
6.75097 
7.01370 


— 0.31694 
0.83050 
1.22172 
1.87352 
1.94880 
2.27794 
2.53580 
3.11485 
4.62401 


— 0.18362 
0.96468 
1.04601 
1.39478 
1.52243 
1.73972 
2.21663 
2.62522 
3.03125 
3.28579 
4.82246 
5.09405 


0.08042 
0.27940 


0.30399 


0.65839 
0.97060 
1.2630 
1.2724 
1.5104 
3.9510 


0.07800 
0.18686 
0.45875 
0.48964 
0.59051 
0.79866 
1.1319 
1.2745 
1.4799 
1.5122 
4.2524 
4.5536 


0.00149 
0.20262 
0.20344 
0.50607 
1.0196 
1.3133 
1.3224 
1.5160 
4.5439 


0.00147 
0.00234 
0.40500 
0.40564 
0.40635 
0.70916 
1.0107 
1.3133 
1.5159 
1.5243 
4.7679 
5.0610 


— 0.00007 
0.20169 
0.20179 
0.50456 
1.12510 
1.42527 
1.42787 
1.62718 
4.99493 


— 0.00004 
0.00000 
0.40369 
0.40370 
0.40371 
0.70657 
1.00919 
1.42526 
1.62718 
1.62972 
5.20356 
5.50306 


0.00000 
0.20185 
0.20185 
0.50463 
1.34567 
1.64844 
1.64844 
1.85030 
5.88731 


0.00000 
0.00000 
0.40370 
0.40370 
0.40370 
0.70648 
1.0093 

1.64844 
1.85030 
1.85030 
6.08917 
6.39193 


co) 
co) 


spep 
sPID 
sPID 
sPlS 
4‘S2P 
272P 
2p2pP 
sPls 


opep 
opep 
1D'D 
1D'!D 
1D'D 
1S1D 
ISIS 

272P 
pep 


+ F 


sesssesee 
gesesssss bt te, a 


+ 


elolelejojlejlele) 


° 
9 


0+ O- 
O+0— 'pIs 
O+O- 1815 








energy is calculated from A by correcting for the zero- 
point vibrational energy of the nuclei. The use of a 
Morse potential leads to the formula for the dissocia- 
tion energy Do as 


Dy=A+a(D/u)*— (a7/4u), 


where » is the mass of an oxygen atom, all quantities 
given in atomic units.!” 

Another interesting quantity that can be calculated 
from a Morse curve is the fundamental vibrational fre- 
quency w,, the frequency with which the nuclei would 
vibrate if the vibration were a simple harmonic one 


we=2a(D/n)}. 


Table VII compares the results of this calculation 
with the experimental values. Figure 2 is a graph of the 
Morse curves. The triplet state evolved out of the 
interaction of nine states which take account of the 
spin and orbital degeneracies is energetically close to 
the truth, the limit of truth being set by the variation 
theorem. Going from the single-configuration to many- 
configuration theory not only netted us an exceedingly 
good ground-state energy with correct behavior at 
infinity, but it also yielded a very good curvature to 
the energy curve. This point is revealed in the agree- 


“The author has been warned that some confusion might arise 
at this point. It is to be remembered that the Morse curve is 
supposed to represent the results of this calculation only from 
about R=4.0 inward. From R=4.0 to R= © a continuous curve 
is drawn which drops down to the axis as demanded by the cal- 
culated values at R=6.0, 9.0, and ». The quantity Do is, except 
for the zero-point correction, the energy difference of the stable 
molecule and the dissociated atoms. It is this quantity which is 
experimentally determined by analysis of band spectra. (See 

erzberg, reference 12.) The energy of the dissociated atoms is 
zeto on our energy scale. The dotted asymptotic limits of the 
Morse curves appear in Fig. 2 for purposes of later discussion ; 
yd do not represent the molecular dissociation. The full curve 

oes, 


ment in w-. In calculations on a solid, single-configura- 
tion theory can be made to give excellent energies, but 
estimates of compressibility are bound ‘to suffer the 
effects of the rise of the energy curve to a wrong value 
at large distances.’® This is illustrated in Fig. 3 which 
is a plot of the diagonal energy of state c alongside the 
true energy curve. 

The singlet state does not come out so well. The 
error in binding energy is about 19 percent, the har- 
monic frequency is very bad. Moffitt’s main criticism 
is directed at calculations on the higher states of a 
molecule and this investigation perhaps bears him out. 
The point he makes is that even the comparatively 
large number of configurations used in a calculation 
such as this is not a large enough number to yield a 
decent picture of the energy levels of the separated 
atoms. In fact, in so far as the atomic levels are con- 
cerned, there is no configuration interaction being con- 
sidered. The single configuration theory, which we have 
seen to be very poor for the molecule, is also poor for 
the atom. We have an inaccurate energy scale of the 
separated atoms and Moffitt maintains that the excita- 
tion energies of the higher molecular states with respect 
to the ground state are badly in error because of this. 
The results of this investigation indicate that the ground 


TABLE VII. Molecular parameters. 








Param. Exper. 


R 2.28 
Do — 0.3735 
w@-(cm™) 1580.4 


R 2.32 
— 0.2527 
1432.7 


Calc. Percent error 


2.255 1.1 
— 0.3660 2 
1503 4.2 





3> _ 


2.30 0.9 
—0.2051 19 


12+ 
1273 11 


We (cm) 








15 P, O. Léwdin, J. Chem. Phys. 19, 1579 (1951). 
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Fic. 2. Morse curve fit to electronic energy. 








state itself can be very closely approached even with 
this inherent fault of the method. As for the higher 
states, a correction more in the spirit of the calculation 
than Moffitt’s empirical adjustment might be the in- 








-0.2 


Fic. 3. Single-configuration energy vs true energy. 





clusion of configurations where the 2s electrons, say, 
were promoted into 2 levels. These new configurations 
need not be treated on equal footing with the other 
existing ones. That is, perturbation methods might 
be used to add the little more that is needed. 

It is worth while to plot the difference in energy be. 
tween the singlet and triplet states, as in Fig. 4. This 
curve is typical of a magnetic competition. The mag. 
netic and nonmagnetic states start out indistinguishable 
from one another until the magnetic state steeply be- 
comes preferential only to rapidly approach the other 
state again—perhaps to rise to the unpreferred posi- 
tion—as the internuclear distance decreases. 







Eigenvectors 





The eigenvectors of the lowest triplet and the lowest 
singlet states are displayed in Table VIII. (An erratic 
behavior of the singlet vector at large distances is 
illusory. The singlet state is doubly degenerate at in- 
finite separation ; the computer was somewhat capricious 
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Fic. 4. Triplet-energy difference. 











in its choice of ground-state eigenvector at large dis 
tances.) From the eigenvectors also, one can see a slow 
change at large internuclear distance and then the very 
rapid component readjustment in the molecular region. 
From R=4.0 inward, state c becomes the dominant axis 
for the triplet and state f predominates for the singlet. 

The lack of difference between the triplet and singlet 
states at large internuclear distances can be shown by 
transforming to an atomic rather than a molecular 
representation. At infinite separation we have the 
eigenvectors which represent the various atomic states. 
We can express an eigenvector at any other value 0 
internuclear separation as a linear combination of thos 
orthonormal vectors which asymptotically describe the 
atomic constituents. This has been done in Table IX 
for the lowest triplet and singlet states. This table would 
have been the initial table of eigenvectors if orthogont! 
ized atomic functions of the Wannier type had bee! 
used instead of the symmetrical molecular orbitals." 






















16 For the same type of base transformation applied to the 
hydrogen molecule and analyzed in detail, see J. C. Slater, J. Che 
Phys. 19, 220 (1951). 
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ELECTRONIC ENERGY LEVELS OF MOLECULAR OXYGEN 


TABLE VIII. Ground-state eigenvectors. 








sy 07 


1.5 2.0 2.5 


~ 


4.0 6.0 9.0 





0.0240 
0.0179 
— 0.9668 
0.1548 
0.0956 
— 0.0455 
—0.1424 
— 0.0924 
—0,.0218 


0.0117 
0.0104 
— 0.9849 
0.1041 
0.0646 
— 0.0182 
— 0.0946 
— 0.0728 
— 0.0124 


0.0058 
0.0055 
—0.9957 
0.0475 
0.0387 
— 0.0047 
—0.0517 
— 0.0449 
— 0.0047 


rr oe QS SR 


=. 


0.0000 
0.0000 
— 0.3536 
0.3536 
0.3536 
— 0.3536 
—0.5000 
0.5000 
0.0000 


0.0044 
0.0077 
— 0.4361 
0.4005 
0.3263 
— 0.3161 
— 0.4785 
0.4626 
— 0.0026 


0.0000 
0.0000 
— 0.3538 
0.3537 
0.3534 
— 0.3534 
— 0.5000 
0.5000 
0.0000 


is + 


“9 


— 0.0108 
0.0010 
—0.0284 
0.0018 
0.0046 
0.9718 
—0.1941 
0.1018 
0.0264 
— 0.0653 
— 0.0240 
0.0331 


— 0.0164 
— 0.0031 
—0.0515 
0.0022 
0.0130 
0.9390 
— 0.2848 
0.1402 
0.0049 
—0.1017 
— 0.0569 
0.0297 


0.0166 
— 0.0446 
—0.9025 
—0.0070 
— 0.0846 
0.4167 
— 0.0369 
0.0262 
0.0104 
— 0.0060 
— 0.0022 
0.0123 


meee Qs oR 


ae ee 


— 0.0078 


0.4723 
— 0.0001 
— 0.4092 
— 0.4092 
0.5784 
0.1418 
—0.1419 
0.0819 
— 0.1419 
—0.1419 
— 0.1419 
0.0000 


0.3093 
0.0003 
—0.2677 
— 0.2678 
0.3790 
0.3403 
— 0.3403 
0.1965 
— 0.3402 
— 0.3401 
— 0.3401 
0.0000 


0.0148 
— 0.0004 
—0.0218 


0.0201 
0.5035 
— 0.4805 
0.2423 
—0.4114 
— 0.3844 
—0.3724 


0.0021 0.0000 








With orthogonal orbitals, it is the closest we can get to 
the projection on the Heitler-London framework 
promised earlier. 

Table IX clearly shows that a single-configuration 
theory based on orthogonalized atomic functions would 
have been quite good for large distances. The singlet 
cannot be distinguished from the triplet. The picture is 
that of two normal oxygen atoms approaching one 
another, repelling one another until about 4 atomic 
units of separation. Excited and ionized states are now 
to be considered in the formation of the molecular 
states. At equilibrium separation, the atomic corre- 
spondence is completely smeared; any attempt at a 


perturbation calculation would have to start from the 
molecular orbital setup. Incidentally, second-order 
perturbation does not work here. One does not converge 
to anything like the right value by considering state c 
as the zeroth-order wave function and computing the 
energy by a formula such as 


|Hex|? 
SA Le 


Ax 


There are many other large off-diagonal elements, in- 
direct chains between state c and other states. However, 
it should be noted that states c, d, e, f, g, and h, which 


TABLE IX. Ground-state eigenvectors atomic correspondence. 








3297 


R 1.5 2.5 


4.0 





oO =r 0.3875 
O Fp 0.2539 
O *P!D 0.4179 
Oo 7s 0.2098 
Oo SP — 0.4037 
Oo 2P — 0.0633 
oc Pp — 0.4492 
oO 2p — 0.3496 
O++O— 3P1§ 0.2749 


0.4714 
0.2843 
0.4533 
0.2037 
— 0.3645 
—0.0201 
— 0.4265 
— 0.3340 
0.1520 


120 


0.3467 
0.5282 
—0.1019 
0.1181 
— 0.3363 
—0.1019 
—0.1715 
— 0.4035 
— 0.2338 
0.4357 
— 0.0810 
— 0.0993 


ie % 

opp 

1DID 

1D'D 

1D'D 

1S1D 

S'S 

O- 272P 
O- 2p3p 
O* O- 2p2p 
O**O— IDIS 
O*+O— 1515 


0.4043 
— 0.0098 
0.2342 
0.3305 
— 0.1844 
— 0.1647 
0.0244 
— 0.6052 
0.3333 
0.0997 
— 0.3367 
0.0994 


0.9934 
0.0437 
0.0333 
0.0062 
—0.0202 
0.0276 
— 0.0698 
— 0.0632 
0.0011 


+ 


0.5443 

0.8305 
—0.0018 
— 0.0020 
—0.0227 
—0.0019 
— 0.0026 
— 0.0873 
— 0.0651 

0.0380 
— 0.0008 
— 0.0008 
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are the important ones at molecular separations, are 
the only ones necessary (and all are necessary) to 
represent two normal oxygen atoms at infinite separa- 
tion. Is there some good rule of thumb here? Choose the 
molecular orbitals to be definitely non-atomic, clearly of 
a “molecular” type. Then consider the configurations 
necessary to represent the ground state atoms and 
allow only those configurations to interact. The pro- 
cedure may be of help for bigger systems. 

One last point: the energy curve has a hump. The 
usual Morse curve representation of a molecular energy 
curve has the axis as its asymptote; ours, in order to 
fit four calculated points, must approach a definitely 
positive value at infinity. We have tried to find some 
experimental evidence of this hump but there does not 
seem to be any clear-cut way of exhibiting it or denying 
it. The vibrational levels come in the right places, 
but they have not been observed high enough so that 
the hump would have any unique effect. However, it 
seems that other people have considered an energy 
curve which extrapolates to a positive height at infinite 
separation. 

Pauling!’ has been led to the concept of the valence 
state of an atom, a hypothetical state which is not ‘‘one 
of the stationary spectroscopic states of the isolated 
atoms, but . . . is defined as that state in which it 
(the atom) has the same electronic structure as it has in 
the molecule.” In the paper referred to, Pauling de- 
duces the value of the energy of this state by four 
different methods all of which agree reasonably well 
with one another. One of the methods is an extrapola- 
tion of the vibrational levels, the introduction of a 
Morse curve which goes to 6.69 ev at infinite separation. 
(Ours goes to 6.91 ev.) We have not been able to do more 
with this concept of the valence state, but the fact that 
it has been introduced lends credence to the hump, or 
vice versa. 

In conclusion, may we again emphasize the fortunate 
situation with oxygen, that a fairly complete treatment 
of configuration interaction did not exceed human 
endurance and machine storage capacity. Except for 
oxygen and a few other very simple molecules, it is 
ridiculous to tabulate all the configurations arising from 
the atomic primitive set of orbitals, as has been done 
here. It is necessary to have an a@ priori measure by 
weight of the secular determinant, to be able to say 
that this configuration is important, this is not. Con- 
figuration interaction is imperative if orbital theory is 
to be used but it must be handled in a manner that does 
not surge to impracticability. 
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APPENDIX I. ORBITAL EQUIVALENCE THEOREM® poe 

Let u; be a set of V independent one-electron func. J syst 
tions. If there are 7(< \V) electrons, form ” independent 
combinations of the 1,’s, 

I<i<n ” 

Gi= Qj CijM; Ai 

I<j<QN, pone 
where the c;;’s are as yet undetermined. Putting in the 
symbol for the electronic coordinates (space and spin) 
we get a matrix relation 

i (Xe) = D0 5 C4sj(xe), 
or 
® CU. 

That is, the square matrix ® is the product of two rec- The. 
tangular matrices: C which is an 1X, and U whichis the c 
an VXn. The many-electron wave function is essen- Sp 
tially the determinant of ®. A determinant is definable defin 
only for a square matrix, but it is possible to express the 
determinant of the product of two rectangular matrices 
in a significant way.'® It turns out that the determinant W 
of the product is the sum of products of minors taken d s 
from the two rectangular matrices. Begin with the first — 
n columns of C. Multiply the determinant of this Xn 
submatrix by the minor formed from the corresponding 
first x rows of U. The other products in the expansion — 
are formed in the same way. A minor consisting of a 
selection of ” columns of C is the coefficient of the 
minor formed from the selection of the corresponding 
rows of U. But this expansion is the starting point of The 
configuration interaction. The many-electron wave Byte, 
function is a linear combination of the NV !/n!(V—n)! | 
determinants formed from the N u;’s. The minors of C 
are the coefficients which are to be varied until the 
Hamiltonian is made diagonal. These 

This is a somewhat stilted way of getting at configura 
tion interaction, but the equivalence theorem becomes 
trivial in this formalism. Let and 

v= oi Rims 8:8, 
be a determined linear combination of the original set: Bs tn, 

18 A proof along similar lines was given by P. O. Léwdin in the 
Quart. Prog. Report of the M.I.T. Solid-State and Moleculat 
Theory Group (January, 1952). Thi: 





19 A. G. Aitken, Determinants and Matrices (Oliver and Boyd, 


London, 1939). wave 
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Proceeding in the same way as before, we set up 
Gi (%K) = D5 2ijv; (ae) = De jr GiR jmi(ae). 


Again, there is a rectangular »XN matrix multiplied 
by the rectangular VX” U matrix. Since the minors 
of the former are to be varied anyway, set 


C=DR cu=D 5 disRy 


and equivalence is established. Because of the deter- 
minantal form of the many-electron wave function, the 
arbitrariness in the base system of one-electron space 
carries right through to an arbitrariness in the base 
system of many-electron space. 


APPENDIX II. SPIN ALGEBRA 


Let s represent the vector operator of one-electron 
spin. It can be decomposed into three Cartesian com- 
ponents obeying the following commutation rules: 

$*5,—5,8°=0 
$_Sy— SySz= 1S, 
S2SytSyS2=0 
si} 
S=sft+sfP+sJ=F, 
The above formulas are to be completed, of course, by 
the cyclic substitution of x, y, and z. 

Spin eigenfunction and spin eigenvalue are co- 

defined by 
sa=ta 


s.8= — 36. 


We will also use the well-known “step-up” and “step- 
down” operators defined by 


ssa=0 s_a=6 
S,B=a s_B=0, 
or explicitly 
Sy = Sot Sy 
S_=Sz—iSy. 
The combinatorial rules of a many-electron spin 
system are simple, 
S=Dis: 


S,= ar Siz. 
These lead to 


S=Piis?+Dd sis; 
Aj 
and 
8i*8 j= Si28j2FSiyS jy Sic je = ZSi4Sj;-F45i_S jp F528 j2y 


so that 
Sa Vi SsPFAL SiSit+D SiSje 
a =A 


This operator is to be applied to a determinantal 
wave function, whose antisymmetrical nature narrows 


things down. The first term 


} s? 
transforms a configuration into itself multiplied by 2, 
where 7 is the number of electrons. The last term 


z Siz2S jz 
iAx7 


also does not change the configuration. The multiplica- 
tion factor is the same for all states having S,=0, for 


+m SieSja= Doi Siedd Sjzy 
ix~7 


where the prime denotes summation over all electrons 
except the 7’th. If S,=0, then this inner summation is 
effectively 


— Siz, 
and the whole double-summation effectively acts like 
os iS; i 


which is equal to —”/4. 
It is only the step-up step-down term which trans- 
forms one configuration into another. The term 


Dd Si45j— 

#7 
says that we are to take each + and — couple and flip 
the signs. The flipping of a pair located in one spatial 
orbital column (Table III) can be interpreted as an 
interchange of two electrons in the standard arrange- 
ment ; the configuration is transformed into its negative. 
We cannot flip only one of the spin functions of a 
spatial orbital pair because we would then have two 
electrons occupying the same space-spin orbital and 
subsequent antisymmetrization would yield a null de- 
terminant. The flipping of a spin pair taken from singly 
occupied space orbitals produces another configuration. 
The interconnections of the various configurations are 
simple and the proper combinations can be immediately 
ascertained. 


APPENDIX III. INEQUALITIES 
The symbol (uv|wz) stands for 


2 
faye) —w" Q)sQ)drdee 


T12 


Roothaan’s inequalities are 


O< (uv| vu)< (uu|vv)< ws nt od 





The first integral is commonly called the ‘‘exchange”’ 
integral and it is positive definite. The other integrals 
are called “Coulomb” integrals. We have derived an- 
other inequality, a geometric mean inequality, and one 
that brings in the so-called “hybrid” integrals. We begin 
with the positive definiteness of any exchange integral. 
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In particular 
[(Au+v)w|w(Au+v) ]>0. 
In expanded form 


A?(uw|wu)+2A (uw|wr)+ (vw| wr) >0. 
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of 1.5 was obtained. 


The analysis of the isotopes was undertaken by the use of multilayer dielectric Fabry-Perot inter- 


ferometers. 


I. INTRODUCTION 


N almost all the existing practical methods of sepa- 
rating isotopes, the separation factor of a single 
stage of the equipment is some function of the mass 
ratio. This factor is the ratio of the relative abundance 
of the desired isotopes in the output to the relative 
abundance in the input material. For typical substances 
with typical separation methods,' it runs from 1.1 to 
1.006. There are a few methods which are able to achieve 
single-stage factors greater than unity. One such method 
is the mass spectrograph. This paper is concerned with 
another method which has the possibility of yielding a 
large separation factor. 


Photochemical Separation of Isotopes 


This technique involves the separation of isotopes by 
a photochemical reaction. There have been several 
attempts in the literature to obtain such photochemical 
isotope separation, some of which seem to have had a 
small amount of success.”* 

There are three fundamental principles and condi- 
tions which must be fulfilled before an isotopic separa- 
tion can be made. These are: 

(1) The absorption spectra of either the isotope 
itself or some compound containing the isotope should 
be different for the two isotopes at some wavelength. 
For example, if the element is a gas, then the absorption 
spectrum of the vapor will, in general, be different for 


1W. Walcher, Ergeb. Exakt. Naturw. p. 155 (1939). 

2 Merton, Ponder, Bowen, and Hartley, Phil. Mag. 43, 430 
(1922). 
*K. Zuber, Helv. Phys. Acta 9, 285 (1936). 





The Photochemical Separation of Isotopes 


Bruce H. BILiincs AnD W. J. Hitcucock, Research Laboratory, Baird Associates, Inc., Cambridge, Massachusetts 
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Murray ZELIKOFF, Air Force Cambridge Research Center, Cambridge, Massachusetts 
(Received April 3, 1952) 


A method of successfully separating mercury isotopes by a photochemical process is described. The 
method involves the use of a monoisotopic resonance lamp as the source of light for the photochemical 
reaction. In this particular case a Hg™* lamp was used to excite only the Hg™® atoms. The excited Hg atoms 
react with water vapor to produce enriched mercuric oxide. In the first experiments an enrichment factor 
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different isotopes because of the various kinds of isotope FJ —— 
shifts. If the material is a compound, then perhaps the 
dissociation limit will be different for different isotopes. 
If the material is in a liquid or solid and sharp absorp- 
tion lines occur, then these lines may be separated or in 
some particular cases actually absent for different 

isotopes. = 
(2) A light source must be found which is of sufi- 
ciently narrow spectral band width that it will excite 

only one particular isotopic species, whether it is a Th 

atom or a compound. This particular light source cat, B fne . 

in principle, be obtained by many methods. The metho Fj, pe 

which is used here, which has been extremely successful, § [,}) 





is the use of a light source made up of only one isotope. 
The excited radiation emitted from this isotope 
absorbed only by one isotope if the lines are sufficiently 
narrow. 

It is also possible to use broad band sources if filter 
are used which will filter out the light absorbed by only 
one isotope. If the isotope involved is not very abundant! 
in the naturally occurring element, it is possible to us 
this naturally occurring element as an absorption filter, 
since the isotopic constituents in high concentratiol 
will preferentially absorb the light. Other filters can be 
narrow band transmission or reflection filters which 
admit the light desired. 

Occasionally, there may be certain atomic lines whic 
will occur at just the right place to excite a molecula! 
species containing only one isotope. Under these for 
tuitous circumstances a partial separation is also po 
sible. j 
(3) A reaction of the excited atom or molecule mus 
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PHOTOCHEMICAL ISOTOPE SEPARATION 


be found in which the excited species will react and the 


ynexcited species will not react. If the reaction is one 
of dissociation of a molecule into a radical, then it is 
relatively simple to find a reaction for that radical in 
which the molecule will not react. If, however, the 
excited species is merely an excited atom, a reaction 


must be found in which the excited atom not only will 


take part but will undergo compound formation. Pre- 
sumably such reactions do exist for a large number of 
atoms. However, very little work has been done with 
excited atom reactions, and it is not always known 
whether the excited atom takes part in the compound 
formation directly. The compound formation must not 
be followed by decomposition of the compound. If this 
occurs, the isotopic atom goes into the bulk of the 
material and is lost for enrichment purposes. If there 
is only one species of isotopic atom excited, then it is 
possible to study a number of reactions. Then, by 
determining the isotope ratio in the compounds formed, 
it is possible to obtain a good idea of the type of ele- 
mentary processes involved. 


TABLE I. Distribution of Hg isotopes according 
to various investigators. 








Atomic Energy 


Aston Commission 


6.85 6.7 
202 29.27 29.6 
200 23.77 23.3 
198 9.87 10.1 
196 0.10 0.15 
201 13.67 13.2 
199 16.45 17.0 


Isotope 


204 











The Mercury 2537A Radiation 


The work reported here grew out of the study of the 
fine structure of the mercury radiation. Mercury itself 
is peculiarly adaptable for preliminary investigations. 
Table I shows the isotope distribution in ordinary 
mercury as obtained by various investigators‘ using a 
mass spectrometer. 

Lamps composed almost exclusively of Hg!* are 
available. The mercury resonance line of 2537A is often 
used in studies of photochemical reactions, and, in 
particular, the photosensitized reaction with water 
seems to be one in which only the sensitized_mercury 
would form a compound. 

The 2537A radiation from ordinary mercury has a 
fine structure which differs markedly from the fine 


_ Structure of the 5461 line. The sketch in Fig. 1 taken 


from Schuler® shows the wavelength separations and 
Intensities of the various components. It is apparent 
from this sketch that the 198 component is quite far 


Temoved from all components with the exception of 


Se 


vP W. Aston, Proc. Roy. Soc. (London) A115, 509 (1927). 
This lamp is made by Baird Associates, Inc., Cambridge, 


_ Massachusetts. 


°H. Schuler, Z. Physik 72, 432 (1931). 


HYPERFINE STRUCTURE OF Hg A=2537A 


23 /20ic 


2oln P* 110]199b 
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SEPARATION IN CM” 


Fic. 1. Sketch of intensity and wavelength separation of 
the components of the mercury 2537 line. 


the 6 component of 201. Accordingly, in the worst 
case one might expect some primary excitation of Hg™! 
as well as Hg", if a 198 lamp is used to do the exciting. 


Previous Work on Separation of Hg Isotopes 


The first attempt to separate the isotopes of mercury 
was made by Zuber.’ He used the 2537A resonance 
line from a cold mercury arc, allowing it to pass through 
a Mrozowski’ filter and then into a mercury vapor- 
oxygen mixture. After a period of irradiation the re- 
maining mercury vapor was condensed out in a cold 
trap. Any oxide which had formed remained on the 
walls of the original reaction vessel. This oxide was 
decomposed by exposure to a hot mercury lamp and 
the isotopic composition measured. 

Zuber reported a partial enrichment of some of the 
isotopic components. The amount of material involved 
was about 10~* gram and was, in fact, never collected. 
Apparently oxygen alone was found to be unsuitable 
for the process, but dry air (containing N2) improved 
the enrichment. Zuber suggests that possibly nitrogen 
oxides were formed in air, preventing secondary re- 
actions which might obscure the enrichment. He recog- 
nized that in order to separate an isotope the excited 
mercury atom must react in the primary step to form 
the oxide and that the oxide must not engage in 
secondary reactions. 

It is known that the action of excited mercury on 
oxygen results in ozone and mercuric oxide.* Because of 
the possibility of reaction between ozone and mercury, 
it was felt that the enrichment obtainable with the 
oxygen reaction would be small. Accordingly the experi- 
mental work was performed with a water-vapor re- 
action. 


II. EXPERIMENTAL WORK DONE ON Hg WATER- 
VAPOR REACTION 


The work reported in this section was done merely 
as a preliminary investigation to test the method of 
isotope separation. Because of time limitation there was 


7S. Mrozowski, Z. Physik 78, 826 (1932). 
8 R. G. Dickinson and M. S. Sherrill, Proc. Natl. Acad. Sci. 12, 
175 (1926). 
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4] CONNECTION TO 
A DOUBLE STUB 
TUNER 


INLET 1/4 DIA. 


COPPER 6 VOLT TRANSFORMER 


Fic. 2. Experimental arrangement for producing photochemical 
enrichment of mercury-198. The reaction takes place in the 
resonant cavity which is coupled to a magnetron oscillator 
through a double stub tuner. 


no attempt made to make any necessary theoretical 
investigations or to attempt to optimize the conditions 
of reaction. 

The experimental procedure involved four parts: 
(1) excitation of the mercury-198 discharge tube; 
(2) arrangement of the apparatus for the chemical re- 
action; (3) the procedure for collecting the purified 
separated material; (4) construction of discharge tube 
using purified material. 

The discharge tubes were manufactured from pure 
mercury-198 which was obtained from gold that had 
been radiated in the pile at Oak Ridge. The tubes were 
6 in. long and 7.7 mm o.d. and were made of Vycor 
glass so that a large percentage of the 2537 radiation 
would escape. 

From work done at the National Bureau of Standards 
by Dr. William F. Meggers, it appears that the life of a 
Hg discharge tube goes up with the frequency of the elec- 
trodeless excitation. A magnetron radiating at approxi- 
mately 3000 megacycles was used at the source of 
exciting radiation. 

Several different experimental arrangements were 
made, and many of these gave successful runs. In the 
final system the lamp was held in a cavity which was 
coupled to the magnetron by a double stub tuner. The 
cavity was cylindrical, approximately 10 cm in diam- 
eter and was made of brass. The mercury vapor was 
obtained by bubbling nitrogen through an inch or so 
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FRINGE CONTOUR FOR MERCURY 5461 —— 
—— CALCULATED FOR 43mm INTERFEROMETER 
(W/2* 0.02 Cm71) 


INTENSITY PERCENT OF TOTAL 

















RYDBERGS CM7! 


Fic. 3. Curve of the intensity expected from natural mercury 
5461 line in a Fabry-Perot interferometer with plate separation 
43 mm and a half-width per component of 0.02 cm7. 
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of mercury in the bottom of an Erlenmeyer flask. This 
was done in order to exclude oxygen from the mixture. 
It was felt that any ozone formed would react with the 
mercury to produce unenriched oxide. The stream of 
nitrogen was passed into the magnetron cavity which 
served both as the reaction chamber and as the lamp 
exciter. The lamp was excited through a water jacket 
consisting of a Vycor tube about 12 mm in diameter, 
From the cavity the vapor was passed through a hot 
wire precipitator.’ The flow system was used so that 
the mercury oxide formed would not be decomposed by 
the 2537A line. The magnetron was run at a power 
level of approximately 20 watts. A sketch of the equip- 
ment is shown in Fig. 2. 

When the apparatus was run, a deposit formed on the 
jacket of the precipitator. This deposit was washed off 
with nitric acid and a fine copper wire dipped into the 
solution. The mercury amalgamated the copper and was 
later distilled off into an evacuated glass tube to make 
an electrodeless lamp. Analysis of the enriched mercury 
was carried out with a Fabry-Perot interferometer. An 
example of this technique is shown by Walcher" for 


TABLE II. Fabry-Perot measurement of isotope concentration 
ratios in an Atomic Energy Commission mercury sample. The 
measurement was made at the 5461A line. 








(1) (2) (3 (4) 
Relative 
intensity in 
Relative Fabry-Perot 
abundance 5461A line 
Cz/C202 I,/I202 


Abundance as 
determined by the 
Atomic Energy 


Isotope Commission 


204 17.2 0.72 0.71 
202 23.7 1.00 1.00 
200 17.8 0.75 0.76 
198 15.2 0.64 0.63 











the analysis of lead isotopes in ores containing uranium. 
The analytical part of the work was done at the mercury 
green line at 5461A. This line was isolated by a com- 
bination of a multilayer interference filter and a piece 
of green gelatin. The excitation of the lamps made both 
with natural mercury and with mercury from the 
photochemical reaction was done at 150 mc. The suita- 
bility of the 5461A mercury line for measurement of 
isotope concentration was demonstrated by Sterner." 
He manufactured a series of lamps from isotope mix- 
tures provided by the Atomic Energy Commission. The 
excitation of the lamps was carried out with the same 
150-mc exciter used in the analytical work associated 
with this paper. The results of his Fabry-Perot analysis 
on a typical sample are compared directly with the 
Atomic Energy Commission mass spectrographic analy- 
sis in Table II. 

The work of Sterner” shows that it is possible to 


9 J. Brell and T. W. Brieve, J. Sci. Instr. (London) 28, 21 (1951). 

10 W. Walcher, Nucleonics 6, 28 (1950). 

J. Sterner, Ph.D. thesis; Massachusetts Institute of Tech 
nology, 1951. 

#2 J. Sterner, Phys. Rev. 86, 139 (1952). 
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improve considerably on the Fabry-Perot interferometer 
as used with the customary metal films. This is by 
use of an all dielectric reflecting scheme which eliminates 
completely the absorption loss and makes possible a 
gain of nearly twenty-fold over the intensity of an 
ordinary interferometer, and, at the same time, an 
improvement in resolution is achieved for a given free 
spectral range. With these dielectric plates a spacer was 
selected which would leave the 198 component free 
from distortion by overlapping fringes of a higher order. 
A value of 43 mm was found for this spacer. By using 
the procedure outlined by McNally,” curves were 
plotted of the pattern to be expected with natural 
mercury. Figure 3 shows the predicted curve obtained 
with natural mercury using 0.02 reciprocal centimeters 
as the half-intensity width of the component. 

A series of photographs was taken of the fringe pat- 
terns produced by this interferometer and various 
experimental lamps. The plates were run on a recording 
microdensitometer, and the resulting contour pattern 
followed that predicted from the calculations*just de- 
scribed within very close limits. Figure 4 is_a photo- 


Fic. 4. Microdensitometer trace of Fabry-Perot pattern of 5461A 
line of natural mercury. The plate separation is 43 mm. 


graphic reproduction of one of these contour patterns 
obtained with natural mercury. 

An interesting maximum on this pattern is the one 
occurring between the maximum which is due to isotope 
202 and that which is due to isotope 198. This peak, 
which has an intensity almost two-thirds that of the 
main peak, is caused by the superposition of several 
small components. 

Figure 5 is a microdensitometer tracing of the fringe 
pattern obtained with an irradiated material. A com- 
parison between Fig. 4 and Fig. 5 shows quite clearly 
that there has been a considerable enrichment of the 
198 isotope. 

Because of the overlapping of the different lines, the 
analysis of the plates differs slightly from that per- 
formed in ordinary spectrographic procedures. A curve 
was plotted on semilog paper of densitometer readings 
at the various peaks as a function of the peak value on 


the predicted curve given in Fig. 3. These values lay on 


"J. R. McNally, J. Opt. Soc. Am. 39, 1050 (1949). 


























Fic. 5. Microdensitometer trace of Fabry-Perot pattern of 
5461A line of mercury which has been photochemically enriched 
in the 198 isotope. The plate separation is 43 mm. 


a straight line, which showed that the predicted curve 
was essentially correct. The assumption was then made 
that in the enriched lamp the relative concentration of 
the isotopes was unchanged. In the plot of the enriched 
lamp, 198 did not lie on the curve. The new curve was 
normalized so that the total intensity for the enriched 
lamp would be the same as the lamp with natural 
mercury. Table III shows that the enrichment of 198 is 
approximately 1.5. This crude method ‘of calculating 
enrichment could not be used in any precise experiment. 
However, the technique was applied in such a way that 
it would be certain to yield results that were slightly low. 


The Mercury Water-Vapor Reaction 


In the present enrichment study, water vapor and 
mercury were passed in a stream of nitrogen over a 
mercury-198 lamp. Here, as described previously, the 
excited atoms were primarily the 198 isotope. The 
irradiated gases were led through a thermal precipitator 
and the mercuric oxide deposited on its walls. This 
deposit was removed and analyzed. The result showed 
that Hg! was enriched by a factor 1.5. Since the 
purpose of this study was isotope separation, no rate 
studies were made, and the products were not analyzed. 
However, some remarks might be made on the possible 
mechanism of the process. 

If there is to be enrichment, excited mercury atoms 
must react in the primary step to either form a com- 
pound which is removed from further contact with the 
reaction or which itself may react further, being re- 
stricted, however, in that it must not regenerate free Hg. 


TABLE III. 








Isotope Normal Enriched 


196 
198 
199 
200 
201 
202 
204 





negligible 
1 
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This requirement assists somewhat in narrowing down 
the number of processes which have been advanced as 
possible mechanisms. 

Senftleben and Rehren™ and Bates and Taylor'® 
studied the Hg-photosensitized decomposition of water 
and suggested that the only primary process energeti- 
cally possible is 


Hg*+H,0—>Hg+H+0H. (1) 


The present work makes Eq. (1) highly unlikely, 
since it would permit no isotope enrichment. It should 
be noted that 

Hg*+ H,O—H,+0+Hg (2) 


is also energetically possible but must be eliminated for 
the same reason as Eq. (1). 

The excellent work of Beutler and Rabinowitch'® 
provides a primary step which might be correct, 


Hg*+H,O—HgH-+ OH. (3) 


The authors'*~* who have studied the photosensitized 
decomposition have apparently not attempted to sug- 
gest the remaining steps of the mechanism. There are, 
of course, several possible reactions which might com- 
plete the process. The one which seems most attractive 
to the present authors is 


HgH+OH—Hg0+ He. (4) 


This reaction would take place with very small energy 
of activation, since the energy required to break up 
OH (~103 kcal) is supplied approximately by energy 
released in the formation of H, (~103 kcal). 

Since the experimental methods used in this study 
were similar to those of Bates and Taylor, we may 
assume that the products contained hydrogen and 
oxygen. The production of Hz: is accounted for by 
Eqs. (3) and (4), but side reactions must be postulated 
to account for oxygen. Thus, 


HgO+/v—Hg+0, (5) 
0+0+M-—0,4+M, (6) 
OH+OH—H,+0». (7) 


"MH. Senftleben and I. Rehren, Z. Physik 37, 529 (1926). 
15 J R. Bates and H. S. Taylor, J. Am. Chem. Soc. 49, 2438 
(1927). 
a mn Beutler and E. Rabinowitch, Z. physik. Chem. B5-6, 403 
930). 
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This would reduce the over-all yield of product Hg0 
and might also reduce the enrichment somewhat. 

There is another possible primary process which can 
be considered, 


Hg*+ H,O—Hg0-+ He. 
This is energetically possible since 


H,.O—H.+ O 


requires ~115 kcal. The energy of excitation of Hg is 
112 kcal, and the formation of HgO can supply the 
additional 3 kcal. If Eq. (7) is to be accepted, side re- 
actions such as Eqs. (5) and (6) must be postulated 
once again to account for the production of oxygen. 


Conclusions 


The most important conclusion that has been ob- 
tained from this work is that the method of photo- 
chemical separation of isotopes is quite feasible. The use 
of these “breeder” techniques gives results which lead 
to a high enrichment factor. Obviously this method can 
be used with other elements and other reactions if 
suitable materials are available. 

The present knowledge concerning the reaction of 
sensitized atoms is rather meager. One reason for this 
is that, until now, it was not possible to study only the 
excited atoms in a mixture. By the use of these isotope 
absorption techniques, it is now possible to excite only 
one isotope. With the help of the enrichment factor, the 
role of the sensitized atom in the reaction may be 
deduced. This type of analysis was done previously in 
the section on the Hg*—O.—H,0O reactions. Further § 
work of this type should be done so that the mechanism 
of photosensitization might be better understood. 

An incidental result of this research is the fact that a 
Fabry-Perot interferometer can be very useful for 
isotopic analyses. This is especially true if it is used in 
conjunction with narrow band filters and multilayer 
plates. In certain processes where isotopic concentration 
is important, these optical methods may prove to be 
cheaper and as reliable as mass spectrographic tech: 
niques. 
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Studies of Ionization Efficiency. Part III. The Detection and Interpretation of Fine Structure 


J. D. Morrison 
Chemical Physics Section, Division of Industrial Chemistry, Commonwealth Scientific and Industrial 
Research Organization, Melbourne, Australia 


(Received January 13, 1953) 


The effect of the spread in energy of the ionizing electron beam on the resolution of structural details in 
ionization efficiency curves has been evaluated, and the possibility of its removal by analytical methods is 
discussed. It has been shown that the first and second derivatives of the ionization efficiency possess useful 
properties, and that, when certain assumptions are made about the shape of the ionization probability 
function for a single process, a new method of measuring ionization potentials can be devised. 

Correlation techniques have been employed to enhance materially the signal-to-noise ratio in the output 
from the ion collector. Detailed measurements of the ionization oficiolcies for the inert gases have been 
made, and the assumptions referred to are justified. : 

It is shown that the ionization efficiencies for some molecular ions can be correlated with their vacuum 
ultraviolet and near x-ray spectra. It is found that competition occurs between all possible processes of ex- 
citation and ionization at each level of energy. The higher-energy levels of molecules can be studied and, in 
principle, an unequivocal assignment of bond dissociation energies from mass spectrometric data is possible. 
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One of the puzzling features of mass spectrometric 
LE. curves has been the similarity of the curves for 
different processes, and the lack of any of the struc- 
tural details which would be expected from the com- 
plexity of the processes occurring. This was discussed 
in Part I, where it was shown that by careful measure- 
ment some structure could be detected in the curves for 
afew substances. In the present paper it will be shown 
how, by improvement in technique, this work can be 
extended, and a detailed correlation of the results with 
spectroscopic data obtained. 


TECHNIQUE OF MEASUREMENT 


A most important factor which at present limits the 
accuracy with which I.E. curves can be recorded using 
the mass spectrometer is the signal-to-noise ratio in 
the output from the ion collector and associated ampli- 
fier. The noise may be divided into two parts, that 
generated in the input resistance to the amplifier, 
which is short-term in nature, and long-term variations 
in conditions which make it difficult to reproduce I.E. 


(litt 


‘J. D. Morrison, J. Chem. Phys. 19, 1305 (1951). 


matical operations to the curves, and is of especial 
value in the detection of fine structure. 

The amount of labor involved in this method of 
obtaining I.E. curves becomes prohibitively great 
when the mass spectrometer records are measured 
manually, so an instrument has been designed which 
carries out the whole operation of measuring the 
ionization efficiency automatically. A 2-volt range of 
the ionizing electron voltage is scanned repeatedly at a 
frequency of one cycle every two minutes by a step 
voltage wave form, each step being 0.05 volt. The ion 
peak is scanned once on each step, the peak and zero 
values are sampled, stored, then subtracted and the 
results recorded. The curves are usually summed in 
groups of ten. Otherwise the conditions of measurement 
are as described in Part I. To cover a greater range of 
ionizing electron energies, the curve is scanned in 2-volt 
sections each overlapping by one volt, and the results 
adjusted in scale to fit each other. A fuller description 
of this instrument is being published elsewhere.* 


2 Lossing, Tickner, and Bryce, J. Chem. Phys. 19, 1254 (1951). 
3 J. D. Morrison, Rev. Sci. Instr. (to be published). 
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EFFECT OF ELECTRON ENERGY SPREAD 


Factors which are time invariant, such as the thermal 
energy spread of the ionizing electron beam, are not 
removed by this technique. To obtain the true ioniza- 
tion efficiencies, the curves would have to be measured 
using a monoenergetic electron beam. This has been 
done by Lawrence* and Nottingham,® using electro- 
magnetic energy filters, and as part of the present 
studies using an electrostatic analyzer. The ion currents 
obtained by these methods are extremely small, and 
accurate measurement is difficult. This criticism would 
seem to apply equally to the ingenious method used by 
Fox and co-workers.® 

It is therefore of some interest to examine the extent 
to which details in the I.E. curves will be obscured 
by the ionizing electron energy spread, to discover the 
limits set to the resolution of fine structure by this 
cause, and to consider possible methods of removing the 
spread analytically. 

It will be assumed that the ionization probability P 
for the excitation of a molecule in its ground state to a 
single electronic level of the ion can be denoted by 


P=0 for E<E, 
P=p(E£) for E>E, 
The resulting ion current produced at any nominal 


electron energy V by an electron beam with a Maxwel- 
lian energy spread denoted by m(U) is proportional to 


E=ionizing electron energy 


E.= ionization potential. 


i(V)= | m(U)p(E)aE. (1) 
Ec 
The total electron energy E=U-+V, where U is the 
thermal energy of the electrons 
i(V)= m(E—V)p(E)dE. (2) 
Ec 
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IONIZING ELECTRON VOLTAGE 


Fic. 1. The first and second derivative ionization efficiency for 
singly-charged helium. The Maxwellian distribution for T= 2500°K 
is superposed on the figure. 


4 E. O. Lawrence, Phys. Rev. 28, 947 (1926). 
5 W. B. Nottingham, Phys. Rev. 55, 203 (1939). 
6 Fox, Hickam, Kjeldaas, and Grove, Phys. Rev. 84, 859 (1951). 
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The initial point of onset E, is now replaced by a region 
of exponential increase. For the measurement of the 
lowest ionization energy, the effect of the energy spread 
can be overcome empirically by taking the point at 
which the derivative of the logarithm of the I.E. attains 
a critical value.”! This method is only suitable for 
measuring the point of onset of the least energetic 
transition, and in cases where another transition occurs 
at an energy not much higher than the lowest, may lead 
to erroneous values.’ By making certain further re- 
strictions on the form of p(£) it is possible to derive 
the following relations. 

Differentiating (2) with respect to the nominal 
energy V 


di ” —V 
af om(E (EVE 


dV Ec oV 





om(E—V) om(E—V) 
vw 
Integrating by parts 
di(V) - 


= —m(E—V)p(E) 
E¢ 


“ dp(E 
+ f m(E— ye an (3) 
E dE 


c 


If p(E£.)=0, the integrated term vanishes, since as 
E—« so m(E—V)-0. Provided that p(£) and all its 
derivatives up to an including order »—1 vanish at 
E=E., the process can be repeated and leads to the 


formula 
d"p(E) 


— ° dE (4) 
dE” 


on =f me-1) 


If the first nonvanishing derivative is of order k, Eq. (4) 
holds for n<k but for the (k+1)th derivative 


d*+4(V) rs qkti p ( - 
“qve m (E.— V) px (E.)+ 1 m (E- V) dE ’ 


where p;(E.) is the kth derivative of pE evaluated at 
E=E,. If p(E) is proportional to (E—E,)*, then the 
(k+1)th derivative vanishes’ and 


dey (V 
iin m(E.—V). 


7R. E. Honig, J. Chem. Phys. 16, 105 (1948). ; 

8 Compare agreement of mass spectrometric ionization potentials 
with spectroscopic data, J. D. Morrison and A. J. C. Nicholson, J. 
Chem. Phys. 20, 1021 (1952). 

* The author is indebted to the referee for his assistance in the 
derivation of this analytical treatment. 
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That is, if p(£) is a polynomial of kth degree, the 
(k+1)th derivative of the ionization efficiency reduces 
to the electron energy distribution, reversed with re- 
spect to the energy scale, and with the cutoff on the 
high-energy side at E,. The resolution of two such 
processes can be reduced to the problem of separating 
the maxima in the resultant curve produced by the 
addition of two Maxwellian distributions. The only 
limit set to the resolution of processes in actual curves 
is, therefore, the practical one of obtaining sufficiently 
accurate data for derivatives to be taken. Provided a 
great enough signal to noise ratio can be attained, the 
use of electron analysers is unnecessary. 

Examining the problem from another aspect, every 
point on P gives rise to a reversed Maxwellian distribu- 
tion of amplitude proportional to it, and to a first 
approximation, the observed ion current curve can be 
considered as the sum of a series of such overlapping 
distributions taken at a set of small voltage intervals. 
The form of the energy distribution for the mass spec- 
trometer filament can be obtained experimentally, and 
it is in theory possible by starting at some point on the 
LE. curve or preferably its derivatives where they are 
linear over a range of two or more volts, to arrive at 
the true form of P by a process of repeated subtraction. 
At present, however, the measured curves are not 
recorded with sufficient accuracy for the gain in infor- 
mation to be enough to make the labor of this process 
worth while. 

EXPERIMENTAL 


From the foregoing discussion, it appears that the 
derivatives of the ionization efficiency should have 
interesting properties, and that notwithstanding the 
electron energy spread, it should be possible to verify 
the assumptions made about the form of the true ioniza- 
tion probability from experimental curves, and to ob- 
tain resolution of fine structure if it is present. 

The instrumental technique described gives I.E. 
curves which are sufficiently accurate for the differen- 
tial curves Ai(V)/AV to be obtained by subtraction. 
As AV is 0.05 ev, the curves are close approximations 
to the true derivatives. It is apparent from the measured 
curves shown that whilst the scatter in the values for 
the first derivative is small for the first volt or so, it 
rapidly becomes greater. This is inherent in the present 
method of measuring the direct curve to a constant 
0.1 percent accuracy, and subsequently taking its 
derivative. A later instrument, to be described, meas- 
ures the derivatives directly, and will hence obviate 
this effect, which is not caused by the limiting attain- 
able signal-to-noise ratio. 


The Inert Gases 


The ionization efficiencies of inert gases are of es- 
pecial interest in that the excitation is known from spec- 
troscopic data to be particularly simple. Helium is the 
only case which can be studied where the ionization 


PART III 


4 ION CURRENT/ ALEV. 


IONIZING ELECTRON VOLTAGE 


Fic. 2. The derivative ionization efficiencies for singly-charged 
neon, argon, krypton, and xenon. The energy scale is uncorrected. 


over a range of tens of volts corresponds to the ioniza- 
tion probability of a single electronic transition, the 
second electronic level of the ion being 40.8 ev above the 
first. For neon, argon, krypton, and xenon, the ioniza- 
tion for the first ten volts above onset must be due only 
to the excitation of the *P; and ?P; lowest states of the 
singly-charged ions. The first and second derivative 
curves for these are given in Figs. 1 and 2. For com- 
parison, the Maxwellian distribution calculated for 
T=2500°K is superposed on Fig. 1, reversed on the 
energy scale. The first derivative curves vary slightly 
from one gas to another, but it is evident in all cases 
that the second derivative curves are very closely simi- 
lar to the reversed Maxwellian distribution. In the case 
of helium it can hence be deduced that the true first 
derivative curve is very nearly a step function, corre- 
sponding to a linear increase in the actual probability, 


p(E) « (E—E,). 


1.€., 


This is in accord with the results obtained by Fox e/ al. 
referred to above. In fact, it is possible that the actual 
ionizing electron velocity distribution does have a “‘tail”’ 
on the low-energy side as well, due to the imperfect 
electron optics of the ion chamber. In this case the first 
derivative for helium does become a step function, 
which decreases slowly at higher energies. The curves 
for the other inert gases are similar, but here there is 
a second slower increase in gradient above the first, 
before the curve reaches a maximum and then slowly 
decreases. At higher energies, the curves are struc- 
turally featureless up to the energy corresponding to 
the ionization potential for double ionization, when the 
first derivatives for the singly-charged ions from argon 
and krypton, the only two gases studied in this region, 
show a series of decreases which are paralleled by in- 
creases in the first derivative curves for the doubly- 
charged ions. 
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Fic. 3. Comparison of the present results for mercury with a 
curve obtained from data in paper by Nottingham. Relative posi- 
tion of energy levels of the ion are shown as solid lines, other 
levels as dotted lines, superposed on the figure. 


Mercury 


The ionization efficiency for the production of singly- 
charged mercury has been studied extensively in the 
past by workers using instruments of ion-gauge type; 
the most recent being that carried out by Nottingham 
using a velocity-analyzed electron beam.® The present 
results are in excellent agreement with his work, prac- 
tically all the details of fine structure in the curves being 
in coincidence (Fig. 3). As expected, the electron energy 
spread does not mask structural details which are more 
widely spaced in energy than about 0.3 ev. The small 
peaks at the foot of the curve, which had been also 
observed by earlier workers,'!° were interpreted by 
Nottingham as photoelectric in origin. This interpreta- 
tion does not seem to be valid in the present work, as 
the ion collector is completely separated from the 
ionizing region. 


Polyatomic Molecules 


The first derivative curves for the polyatomic molecu- 
lar ions Ne, HCl, COs, and CsHg are shown in Fig. 4. 
It is evident that in these cases many details of fine 
structure are present. Too much weight should not be 
attached to minor fluctuations in the curves, although 
even these seem to be reproducible. The second deriva- 
tives again reproduce the reversed Maxwellian distribu- 
tion. It is observed that in general the first derivative 
I.E. curves for the heavier atoms and for molecules 
decrease to zero more rapidly at high energies than do 
those for the lighter atoms. 


DISCUSSION 
Energy Scale 


Before any attempt can be made at correlation of the 
observed curves with spectroscopic energy levels, the 
energy scale must be corrected for errors due to contact 
potential, electron acceleration caused by the cross- 
field from the ion “pusher” electrodes, etc. It follows 


1 P. T. Smith, Phys. Rev. 37, 808 (1931). 
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from the earlier discussion of the effect of the energy 
spread that the ionization potential for a process should 
correspond to the point on the second derivative LE. 
at which the reversed Maxwellian falls to zero on the 
high-energy side. The peak of the Maxwellian, which is 
easier to distinguish, will be about 0.2 ev lower than this, 

The value of the ionizing electron energy at which 
the second derivative curve for krypton reaches its 
maximum value ‘is usually found to be about 1.53 ey 
below the spectroscopic ionization potential, although 
it varies slightly depending on the other gas present in 
the mass spectrometer. The relative ionization poten- 
tials for all the other inert gases except helium, found 
by comparing them in this way with krypton measured 
at the same time, are in agreement with the spectro- 
scopic figures to within 0.05 ev. Helium cannot be 
measured simultaneously with krypton because of the 
great difference in mass. 

The energy scale can be fixed, and the ionization 
potentials of the polyatomic molecules be determined 
in a similar manner. 
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IONIZING ELECTRON VOLTAGE 





Fic. 4. The derivative ionization efficiencies for singly-charged 
nitrogen (Nz), hydrochloric acid, carbon dioxide, and benzene. 







Correlation of Results with Spectroscopic Data 






It can be seen from Figs. 2-4 that when the spectro- 
scopically-known energy levels for the ionic state in 
question are compared with the first derivative LE. 
curve, they are found to be associated with increases 
in the gradient of the I.E. For the inert gases from 
neon to xenon, the doublet separations of *P1; and *P; 
are 0.097, 0.177, 0.666, and 1.307 ev, respectively." For 
the first two, the spacings are too close to be resolved in 
the present method, but in krypton and xenon there are 
some indications of resolution of the higher process. 
The distance of the smaller peak from the larger ont 
in the second derivative curve for xenon is about 1.0-1.! 
ev, slightly less than the spectroscopic spacing, but it 
seems very probable that it can be interpreted as due 
to the second process. If the assumptions made in the 













11 R. F. Bacher and S. Goudsmit, Atomic Energy States (McGrav- 
Hill Book Company, Inc., New York, 1932); also Humphreys, 
De Bruin, and Meggers, Phys. Rev. 37, 106 (1931). 
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STUDIES OF 


foregoing discussion are valid, the curves can be inter- 
preted only by taking the probability for the excitation 
of the 2P; level as from } to § that for the ?P4). 
Benzene has pronounced increases at 9.35 and 11.95 
ev (scale corrected), as compared with spectroscopically 
measured ionization potentials of 9.24 and 11.75 ev.” 
In carbon dioxide increases occur at 13.85, 17.1, 20.6, 
22.15, 31.89, and 36.39 ev, comparing with known and 
predicted ionization potentials at 13.79, 17.4, 18.1, 22.0, 


| 30.0, and 30.5 ev. 


In addition to this structure which can be identified, 
there are sharp decreases in gradient in many of the 
curves which are not accompanied by any ionized en- 
ergy levels, and which in any case cannot be accounted 
for if the ionization probability for all single processes 
is similar to that observed for helium. The curves for 
helium and the other inert gases would seem to indi- 
cate that the first derivative of P for a single process 
rises very steeply on the low-energy side, and then 
decreases slowly to zero over a range of from 30 to 100 
ev. P can be approximated roughly by an expression" 


of form, 
_ -£ E 
i(£)= Py exp— % 


That such a broad maximum should be observed is 
reasonable, as both the impinging electron and the 
electron ejected on ionization, can carry away any 


amount of kinetic energy after the impact. 

On the other hand, it is known that the excitation of 
unionized levels of atoms and molecules by electron 
impact is in many cases a much more specific resonance 
process, the probability of excitation rising to a sharp 
maximum within 0.1 ev of the critical value and falling 
off again rapidly at higher energies.'® It was observed 
above, in the case of the single and double ionization 
of argon and krypton, that competition between two 
completely different ionization processes can occur, 
increases in the gradient of the curves for the double 
ionization being associated with similar decreases in the 
curves for single ionization. A similar type of competi- 
tion might be expected between processes of ionization 
and excitation. The presence of unionized levels of the 
atom or molecule above the lowest ionization potential 
will then be accompanied by sharp decreases in the 
derivative I.E. The pronounced decrease in the initial 


2W.C. Price and R. W. Wood, J. Chem. Phys. 3, 439 (1935). 

°H. J. Henning, Ann. Physik (5) 13, 599 (1932); W. C. Price 
and D. M. Simpson, Proc. Roy. Soc. (London) A169, 501 (1938); 
S. Mozrowski, Revs. Modern Phys. 14, 216 (1942); Phys. Rev. 
60, 730 (1941); 62, 270 (1942); 72, 691 (1947); R. S. Mulliken, 
J. Chem. Phys. 3, 720 (1935). 

; A more elaborate expression is given for helium He—Het* by 

ate, as 


i(Vo) =3.383(Vo/Va)4{i —e~*V ola il] — e(-Va-Vo) /2 28Vo}, 


quoted by P. T. Smith, Phys. Rev. 36, 1293 (1930). 

*W.H. Brattain, Phys. Rev. 34, 474 (1929), also compare Bates, 
Fundaminsky, Leach, and Massey, Trans. Roy. Soc. (London) 
A243, 93 (1950). 
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part of the mercury first derivative curve in Fig. 3 can 
be associated with two known levels of the atom. 
Similarly, some of the decreases in the curves for nitro- 
gen and carbon dioxide can be connected with Rydberg 
series of levels in the neutral molecules which converge 
to higher ionization potentials.!®!” 

In the case of polyatomic molecules, it is to be ex- 
pected that a third type of competition should occur 
between the process leading to the production of the 
molecular ion, and the other processes giving rise to the 
various fragment ions. A decrease does occur in the 
curve for the parent ion from methane at the energy at 
which the CH; ion is beginning to be formed. 


CONCLUSION 


On the basis of the experimental evidence presented 
above, a number of significant conclusions can be 
drawn which throw considerable light on the inter- 
pretation of the results obtained from electron impact. 

The ionization probability for a single process, such 
as that occurring in the excitation of the lowest ionized 
state of helium, has a broad maximum, and is dis- 
tinguished only by the fact that it has a sharp point of 
onset. The second derivative of the ionization efficiency 
is a positive peak at the ionization potential, which if 
there were no energy spread in the ionizing electron 
beam, would be very sharp. The second derivative 
curves for the other inert gases would consist of two 
such peaks, corresponding in energy to the two lowest 
states of the singly-charged ions. 

It is found that competition can occur between all 
the various processes possible at any given energy, 
whether of excitation, ionization, or dissociation. The 
simultaneous occurrence of other processes at each 
energy would be shown up by the presence of a sharp 
negative peak in the second derivative curve. 

It would seem that the second derivative of the 
ionization efficiency for any given ion should consist of 
a set of sharp positive peaks at the energy levels of the 
ion itself, and a set of negative peaks at any other 
energy levels in the molecule which may be excited. 
The assignment of the energy levels for a molecule 
should therefore, in principle at least, be greatly simpli- 
fied, because the electron energy spectrum for each 
radical should show up as a set of positive peaks in its 
own second derivative curve, and as sets of negative 
peaks at the same energies in the derivative ionization 
efficiencies of all the other ions formed from the same 
molecule. The second derivative curves give in effect 
vertical line sections through the potential energy dia- 
gram for the molecule, because all transitions have 
taken place from the ground state. In the case of a 
fragment ion produced by dissociation the energy 
levels of the ion will be superposed on those for the 
neutral fragment, and both will be displaced along the 

16 G, Herzberg, Spectra of Diatomic Molecules (D. Van Nos- 


trand Company, Inc., New York, 1950), p. 449. 
17 See Henning, reference 13. 
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energy scale by an amount equal to the bond dissocia- 
tion energy. The presence of kinetic energy in any 
fragment produced by dissociation should show up as 
additional displacement of some of the levels. 

In view of the very close resemblance between the 
results of the electron impact method, and the spectra 
of radiation spectroscopy, the present technique might 
by analogy be termed electron spectroscopy. In con- 
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trast to uv spectroscopy, which is restricted to the 
study of molecular energy levels below about 20 ey, 
the new methods can be extended to energies of the 
order of hundreds of electron volts. 
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The x-ray scattering of a monatomic liquid is calculated by averaging the intensity function over con- 
figurations of the atoms in a cellular “free-volume” configuration space corresponding to single cell occu- 
pancy. A zero-order approximation to the derived scattering equation leads to the conventional x-ray 
scattering equation. A slightly better approximation is also shown. 





1. INTRODUCTION 


N a recent paper, Kirkwood! has shown that the free 
volume theory of the liquid state may be put on 
considerably firmer ground by approaching the problem 
from a fundamental statistical mechanics approach 
with well defined approximations. Spanning the liquid 
with a virtual lattice of NV cells with single cell occu- 
pancy, and minimizing the configuration contribution to 
the Helmholtz free energy, leads to an integral equation 
connecting the distribution function for a single mole- 
cule within its cell and its potential energy U in the cell. 
A zeroth-order approximation to the solution of the 
integral equation gives essentially the earlier formulation 
of the cell method of Lennard-Jones and Devonshire.” 
It is of some physical interest to calculate the x-ray 
scattering from such a formal free volume liquid picture. 
The conventional liquid scattering formula’ is, of course, 
well known, but its derivation has not followed, at least 
in a formal way, the statistical mechanical averaging of 
the configurations of the atoms of the liquid. It is the 
purpose of this note to show that just as the zeroth- 
order approximation to the Kirkwood integral equation 
leads to the simple cell theory of the liquid state, so does 
the zeroth approximation to the x-ray scattering equa- 
tion derived here lead to the conventional x-ray liquid 
scattering equation. 


2. METHOD OF CALCULATION 


Suppose the liquid of NV identical monatomic atoms is 
irradiated by a collimated monochromatic x-ray beam 


1 J. G. Kirkwood, J. Chem. Phys. 18, 380 (1950). 

2 J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc. 
(London) 163, 53 (1937). 

*.N. S. Gingrich, Revs. Modern Phys. 15, 90 (1943). 


of wavelength \ and that the directions of the incident 
and scattered beams are characterized in the usual 
fashion by unit vectors Sp and S. The coherent part of 
the electric field scattered in the direction of the unit 
vector S by the W atoms in a particular configuration is 


N 
E=f¥ ec, () 


where r, is a vector from a fixed origin to the mth atom; 
26 the angle between S and So, K=22/A(S—S)), 
f is the atomic structure factor, and the magnitude of 
K=(4r/)) siné. The total scattered intensity from this 
particular configuration of the NV atoms averaged over 


all K=22/A(S—S,) is 


N N 
T(i)=f? © DX (Sinkram/kram), (2) 


n=1 m=1 


where fam= |n—Tm|- 

What one seeks now is an average of the foregoing 
over-all configurations of the V atoms, and where the 
averaging follows at least in some approximation the 
methods of statistical mechanics. The formal free- 
volume picture of the liquid provides a convenient way 
for doing this. 

Let us follow Kirkwood, and span the liquid by a 
virtual lattice of NV cells A,- - -Ay and denote the proba- 
bility density in configuration space corresponding to 
single cell occupancy by Py. Then we will have 


AN. N N sinkfam 


II ¢(r.) & II du, (3) 
s=1 k 


n,m Tam 


I Ow= ff ee 





X-RAY SCATTERING FROM A 


where we have made the same Hartree-type approxima- 
tion to Py as did Kirkwood, and where ¢(r,) is the 
normalized probability density function of the sth atom 
and r, is measured relative to some convenient origin in 
the sth cell. We then have 


n= P| uff 


wn sink(Ry+ri—ri) 
x 
=? k(Rut+ri—ri) 





$(ri)duy (r)an, (4) 


where the summation extends from an arbitrary atom in 
the aggregate labeled 1 and Rj, is the position vector of 
the /th cell relative to the first. 

Now, if for a zeroth approximation, we take ¢(r,) 
=6(r,), and if we describe the density of cell centers 
about the first cell by a function p(Ri,)=p(r) of the 
continuously varying R;,=r, we are led immediately to 


(I(R))ay== V P| i+ f 4rr?(p(r)— po) (sinkr/kr)dr}, (5) 


which is the usual liquid scattering equation,** in which 
a quasi-solid configuration of atoms vibrating about 
equilibrium positions is envisaged about any atom in the 
liquid with the function p(r) defining the average 
distribution of these equilibrium positions. Thus the 
usual derivation of the above can be regarded as a 
zeroth approximation to (/(k))s, based on an averaging 
of J(k) in a “free volume” cellular configuration space 
with single-cell occupancy. One can improve the situa- 
tion by retaining the function p(r) and writing e~¥‘”/*? 
for the normalized probability distribution function for 
a molecule in a cell where U(r) is the potential function 
for a molecule in its cell. One then has 


HO = NPY rf aro ff” 


sink(r+r1—r7) 
k(r+n—ri) 


*N. S. Gingrich, Revs. Modern Phys. 15, 90 (1943). 

*The conventional procedure has been followed in deriving 
Eqs. (5) and (7). R, the upper limit in the integration over r (i.e., 
the largest linear dimension of the sample) has been replaced by 
infinity, and po, the average number of equilibrium centers per unit 
volume, has been introduced into the integrand with subsequent 
neglect of the po contribution of the added compensating integral. 
See reference 3. 





eteorite veo tdedn ar} (6) 
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The volume integrals over the cells obviously involve 
complicated integrations, and one can obtain a reason- 
ably adequate answer by supposing the probability 
distribution function uniform over the cell volume, ex- 
panding sink(r+r1—1r,)/k(r+r1—1,) in a Taylor’s series 
of the variables 7; and r; about the cell centers, and 
retaining terms only through the second order. 

If we integrate and simplify, we find, for a spherical 
cell, 


9 
C)u= WP +| 1— 


622 ra 
[42°00 
240 | J, 
sinkr 


9§2? wo 
X—dr+ f 4mr®(p(r)—po)b(kr)dr}, (7) 
kr 240 0 





where 
(kr) = 2[ sinkr— kr coskr/(kr)* ], 


and 6 is the cell radius. It is clear that the above gives 
the same zero-angle scattering as Eq. (5). It is also clear 
that for any reasonable cell radius, say 0.5A, the 
additional terms will be small. An explicit, although 
admittedly rough calculation, using the above equation 
can be made for the case of a very dilute diatomic gas 
(po=<0) with p(r) =4(r— Ro) ,* where Ro is the interatomic 
distance in the molecule and taken here, for simplicity, 
to be 3.0A. 

For 6=0.5A, the intensity is virtually indistinguish- 
able from that calculated with Eq. (5). For 6 as large as 
1.0A the result differs from that calculated with Eq. (5) 
by at most +4 percent at k=0.66. 

One could, of course, use a considerably more realistic 
and still mathematically tractable p(r) in Eq. (7) to 
correspond to the actual radial density function for-a 
liquid.® It does not seem likely, however, that the results 
of such a calculation would lead to results sensibly 
different from those obtained from using Eq. (5). It is of 
some physical interest to note, however, that for very 
small scattering angles (and where the additional terms 
are largest), the positive correction term in Eq. (7), will 
exceed the negative term. Thus, near the critical tem- 
perature, if one imagines the cell size to be anomalously 
large, the small angle scattering will be larger than that 
calculated with Eq. (5). Finally, in view of the results 
obtained, it would appear that little would be gained by 
relieving the restriction of single-cell occupancy and 
allowing multiple occupancy of the cells in the averaging 
over the configuration space. 

* And, of course, normalized to correspond to one nearest 


neighbor. 
6 N. S. Gingrich and B. E. Warren, Phys. Rev. 46, 248 (1934). 
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The absorption due to the low-frequency wings of the NH; inversion lines was measured accurately at 
2800 Mc for a pressure of 10-cm Hg. At this pressure, where the shift in inversion frequency has not set in, the 
absorption was about 40 percent larger than that calculated by summing the Van Vleck-Weisskopf expres- 
sion over the rotational states using known resonance frequencies and line widths. A similar discrepancy was 
found in comparing the theoretical absorption with previously obtained data at 9000 Mc, while at resonance, 
24 000-Mc theory and experiment were in very good agreement. To investigate various features of pressure 
broadening, the variation of absorption with pressure (5 to 30-cm Hg), temperature (—12 to 100°C), and 
frequency (1200 to 2800 Mc) was examined. These functional variations are interpretable, for the most part, 


by the Van Vleck-Weisskopf relation. 








1. INTRODUCTION 


LTHOUGH the line shape equation of Van Vleck 
and Weisskopf! has successfully described many 
features of microwave spectra,” it has not yet been de- 
cided whether this equation gives the measured absorp- 
tion deep in the wings of a line. Such a comparison con- 
stitutes a critical test of any line shape theory, but it is 
difficult to do this for a single line because of overlapping 
with neighboring lines. Also at frequencies removed 
from resonance by many line widths the absorption 
becomes too weak to measure with sufficient accuracy. 
It is preferable, therefore, to investigate the absorption 
arising from a band of lines. 

With regard to the microwave absorption of water 
vapor, Van Vleck*® showed that the calculated absorp- 
tion due to the low-frequency wings of the rotational 
lines, which extend into the infrared region, was about 
four times lower than the experimental value. He 
pointed out that this discrepancy might have been due 
to the uncertainty in the line width assignments or to 
the Van Vleck-Weisskopf equation itself whose validity 
for infrared lines is questionable. For these reasons, the 
above comparison may not constitute a satisfactory test 
of the equation. 

A severe test is provided by investigating the absorp- 
tion arising from the widely studied lines of the NH; 
inversion spectrum centered about 24 000 Mc. Accord- 
ingly, careful measurements of this absorption were 
made at a frequency of 2800 Mc. At a pressure of 10- 
cm Hg, the absorption is large enough to be accurately 
measured while the shift of the inversion spectrum to- 





* Presented in part at the Conference on Electrical Insulation, 
National Academy of Sciences, National Research Council, at 
Lennox, Massachusetts, October, 1952. 

1 J. H. Van Vleck and V. F. Weisskopf, Revs. Modern Phys. 17, 
227 (1945). 

2 See, for example, T. F. Rogers, Factors Affecting the Width and 
Shape of Atmospheric Microwave Absorption Lines (Air Force Cam- 
bridge Research Center, Cambridge, Massachusetts, October, 
1951). 

3 J. H. Van Vleck, Phys. Rev. 71, 425 (1947). 


1774 





ward zero frequency reported by various investigators** 
has not yet set in. At this pressure, the measured value 
was found to be about 40 percent higher than the theo- 
retical value obtained by numerically summing the Van 
Vleck-Weisskopf equation over the rotational states 
using known resonance frequencies and line widths. A 
similar discrepancy was found using data previously 
obtained at 9000 Mc, whereas theory and experiment 
were in close accord at resonance. 

In an effort to understand the nature of this dis- 
crepancy as well as to investigate other features of the 
collision broadening phenomenon, further measure- 
ments were made at 2800 Mc for pressures up to 30-cm 
Hg and for temperatures from —12 to 100°C. In addi- 
tion some observations were made over the frequency 
interval 1200 to 2800 Mc. 


2. THEORETICAL CONSIDERATIONS 


The inversion spectrum of NH; consists of many 
lines of different intensities and widths, the most im- 
portant of which lie in the region 2X 10‘ to 3X 10* Mc. 
The complicated nature of the spectrum thus makes 
the comparison of theory and experiment considerably 
more intricate than for a single line. 

According to the Van Vleck-Weisskopf formula 
specialized to the ammonia problem, the absorption a 
per cm is given by 
Qa 4”! f 


2 3ET X fax|msn|” 





AvyK 


Avsk 
x( + ) (1) 
Avyr’+ (veK—v) Avyr’+ (vrx+ v)? 





where JN is the number of molecules per cc, fyx is the 
fractional number occupying the rotational levels 


4B. Bleaney and R. P. Penrose, Proc. Phys. Soc. (London) 59, 
418 (1947). 
a og Weingarten, thesis, Columbia University, New York 

6D. F. Smith, Phys. Rev. 74, 506 (1948). 

7B. Bleaney and J. H. N. Loubser, Proc. Phys. Soc. (London) 
63A, 483 (1950). 

8G. Birnbaum, Phys. Rev. 77, 144 (1950). 
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PRESSURE 


characterized by the quantum numbers J, K, and 
\usx|?=u’K?/(J?+J). The permanent dipole moment 
yp has the value 1.47 10~"8 esu.® The quantities v, vx, 
and Avyx are in cm™. 

The resonance frequencies vyx can be calculated with 
an accuracy more than sufficient for our purpose from 
the empirical formula of Bleaney and Penrose," v7z., 


y= 0.7935—0.00505(J?2-+J)-+0.0070,K2 
+0.63[0.0070K2—0.0050(22+J)P. (2) 


The line-width constant Av,x for a narrow line equals 
half the width of the line at half intensity. Bleaney 
and Penrose” determined the widths of a number of 
lines at a pressure of 0.05-cm Hg and found that they 
could be expressed by the essentially empirical 
formula,*:!! 


288 K? \3 
‘sE=> 1.00X 10-*pen(—) ( ). (3) 
T Fs 


The extension to other pressures was made on the 
assumption that the line width is directly proportional 
to pressure. Deviations between the observed and cal- 
culated values of the line widths at 0.05-cm Hg were no 
greater than the experimental error, namely, 5 percent. 
Theoretical line-width equations have been proposed 
by Margenau,” Anderson,’ and Mizushima.“ Ander- 
son’s equation, in particular, fits the data about as 
well as Eq. (3) but is by no means as easy to use. 

We have introduced into the original equation of 
Bleaney and Penrose a factor to allow for the variation 
with temperature predicted by the theories of Margenau 
and Anderson and verified in the case of the 3,3 line of 
NH; by Howard and Smith.'® This temperature be- 
havior, which is characteristic of pressure broadening 
arising from dipole-dipole interactions, is also substan- 
tiated by the data to be considered in this paper. 

Equation (1), with »yyx and Av;x given by Eqs. (2) 
and (3), has been tested by Bleaney and Penrose‘ in 
the resonance region 0.65 to 0.90 cm~. At a pressure of 
10-em Hg the individual lines are sufficiently broadened 
to obscure the fine structure, and the absorption curve is 
quite smooth with a peak at 0.78 cm~. They obtained 
a theoretical curve (which fitted the experimental data 
within several percent) by summing Eq. (1) for all the 
important lines. This agreement indicates that the line 
widths vary linearly with pressure up to 10-cm Hg. At 
higher pressures Bleaney and Loubser’? found that the 
line widths began to increase less rapidly with pressure 


*A. A. Maryott and F. Buckley, “Table of dielectric constants 
and electric dipole moments of substances in the gaseous state,” 
Natl. Bur. Standards U. S. Circ. 537. 

"B. Bleaney and R. P. Penrose, Proc. Roy. Soc. (London) 
A189, 358 (1947). 

" B. Bleaney and R. P. Penrose, Proc. Phys. Soc. (London) 60, 
540 (1948), 

” H. Margenau, Phys. Rev. 76, 121 (1949). 

'’P. W. Anderson, Phys. Rev. 76, 674 (1949). 

“M. Mizushima, Phys. Rev. 83, 94 (1951). 

'°R. Howard and W. V. Smith, Phys. Rev. 77, 840 (1950). 
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and the resonance frequencies began to shift toward 


zero. 
3. EXPERIMENTAL METHOD 


The absorption was determined by a cavity method in 
which measurements were made on the cavity response 
curve displayed on a cathode-ray tube. Details of the 
experimental technique are given in a previous publica- 
tion.!® To obtain better precision than obtainable by 
direct observation of the pattern, the resonance curves 
were photographed and enlarged before scaling. Lower 
values of absorption were obtained from amplitude 
measurements by making use of the relation 


2rvf /Po\? 
~aite) 4} 
QOoL\P : 
where a is the absorption in cm™, Qo is the loaded Q 
of the empty cavity, v is the wave number in cm™, and 
Py and P, respectively, are the peak amplitudes of the 
resonance curves of the evacuated and gas-filled cavities. 


Higher values of absorption were obtained from meas- 
urements of the Q’s of the empty and filled cavity by 


the formula 
. 4 
a=2nr(-——), 
Q Qo 


For measurements at 2800 Mc a tunable cavity 
operating in the TE 1: mode with a loaded Q of 3.5 104 
was employed. Tests with a nonabsorbing gas such as 
Ne showed that the small distortion of the cavity with 
gas pressure did not change the Q. As the crystal de- 
tector was mounted directly adjacent to the cavity, and 
therefore subject to thermal changes in the oven, the 
response law of the crystal was determined at each tem- 
perature of observation by using a series of calibrated 
attenuators. Only at the two extremes of temperature, 
—12 and 100°C, was there a noticeable deviation from 
square law behavior,!” and appropriate corrections to 
the apparent values of Q and amplitude were made at 
these temperatures. At pressures in the neighborhood 
of 30-cm Hg, a cylindrical cavity operating in the TM o10 
mode with a Q of about 7X 10° was also used. 

Determinations of absorption with the two cavities 
and with the Q and amplitude techniques generally 
agreed within 2 to 3 percent at pressures in the vicinity 
of 30-cm Hg where such intercomparisons were made. 
Below this pressure the reproducibility was about 
5X10-* cm™ or 3 percent, whichever was greater. 
From an investigation of possible sources of systematic 
error, it is estimated that the total experimental error 
cannot be significantly larger than the figure given. 

For measurements in the region 1200 to 2800 Mc, a 
tunable, hybrid mode cavity was used.'* The Q of this 

16 G. Birnbaum, S. J. Kryder, and H. Lyons, J. Appl. Phys. 22, 
95 (1951). 

17 Tn all cases, the initial power level at the detector was about 


the same, namely, several microwatts. 
18 T,, Essen, Wireless Eng. 23, 126 (1946). 





1776 


TABLE I. Variation of absorption in NH; with pressure 
and temperature at v=0.094 cm7. 








aT? 
(p =10 
cm Hg) 
75.6 
78.3 
74.7 
74.2 
75.0 
78.3 


Number 


p range ! 
of points 


(cm Hg) 


5-15 5 
5-25 17 
5-30 
5-30 
9-30 
9-30 


T (°K) a/p? X1084 


261 4.25-+0.03 
298 2,960.02 
312 2.46+0.02 
333 2.01+0.03 
353 1.75-0.02 
373 1.51-0.05 











® Mean values and average deviations listed. 


cavity was too low (about 3500) to permit reliable 
measurements of absorption at pressures much below 
30-cm Hg. 


4. RESULTS 


4.1 Variation of Absorption with Temperature and 
Pressure at 0.094 cm™! 


If yyx and Av;x/p are independent of the pressure, 
Eq. (1) reduces to 
a/P=kp (4) 


for a frequency sufficiently far removed from resonance 
so that the inequality Avyx*<(v—v,zx)* is true for each 
line whose intensity is large enough to appreciably 
affect the absorption. The data are summarized in 
Table I. At a given temperature a/#” is constant up to 
30-cm Hg for all temperatures above 25°C. Individual 
values of a deviate more or less randomly from Eq. (4) 
by about 1 percent on the average. At the lowest tem- 
perature (— 12°), the values a/#? in the region 15 to 30- 
cm Hg are definitely higher than the value shown in 
Table I (about 15 percent higher at 30-cm Hg). At 
25°C a slight, but hardly significant deviation in this 
direction was noted in the neighborhood of 30-cm Hg. 

It is interesting to note that Eq. (4) holds experi- 
mentally for higher pressures than would be anticipated 
from Eq. (1). Furthermore, the deviations noted are 
opposite in direction to those expected. Thus at a 
pressure of 30-cm Hg, Av,x’ is no longer negligible in 
comparison with (v—v,x«)? and consequently values of 
a/p? about 10 percent lower than measured might be 
expected. If allowance is also made for a shift in the 
resonance frequencies and line breadth parameters of 
the order previously reported,’ this difference is some- 
what increased. 

In the wings of the absorption band, the variation of 
the line widths with temperature may be readily de- 
termined. From Eq. (1) with WV « 7— and Eq. (3) where 
Av« 7~', the absorption at constant pressure should be 


This is also true of results obtained in a previous investi- 
gation (reference 16) at 25°C and at a wave number of 0.31 cm™. 
The relation a/v?= 5.12 10-*p,»,? fits the data obtained from 2 to 
20-cm Hg by the amplitude method. The data obtained by the Q 
method agree well with this relation if the two points at the lowest 
pressure (which are not accurate anyway) are excluded. 


G. BIRNBAUM AND A. A. 


MARYOTT 


proportional to 7 provided the sum 


a forlusxl'(——) | ae ee = v) 


is independent of temperature. Computations at 298 
and 373°K showed that this sum was virtually inde- 
pendent of temperature. The constancy of the product 
aT® included in Table I for a pressure of 10-cm Hg shows 
that the line widths vary in the expected manner. 








4.2 Comparison of Observed and Calculated 
Absorption 


Observed values of a/v* at several frequencies are 
compared with those calculated from Eqs. (1)—(3) for 
a pressure of 10-cm Hg in Table II. At »=0.094 cm”, 
a wave number roughly 9 line widths removed from the 
resonance wave numbers of the more intense lines, the 
measured absorption is approximately 1.4 times larger 
than the calculated value. Data previously reported at 
vy=0.31 cm show a discrepancy of similar magnitude. 


TABLE II. Observed and calculated values of a/v? 
for NH; at p=10-cm Hg. 
(=) 
Ratiof —— 
calc, 


1.39 
1.34 
0.97 








a/v? X10 (cm=) 
obs cale 


3.35% 2.41 
5.12 3.83 
80.5° 83.0 


i i 4 v(cm~) 





298 0.094 
298 0.31 
288 0.78 








® Present work. 

b Reference 16. 

¢ This value was computed from Bleaney and Loubser’s parameters 
(private communication) to obtain a more accurate value than could have 
been read from their curves. 


The summation of Eq. (1) was extended over all lines 
with quantum numbers up to and including J = K =12, 
and only the strongest lines up to J=>K=16. The 
error in neglecting the remaining lines is small and com- 
pensated for, in part, by the error made in neglecting 
to account for the small number of molecules in vibra- 
tional states other than the ground state. More serious 
is the error which could arise from uncertainties in the 
values of line width. An indication that this uncertainty 
is quite small, probably no more than several percent, 
is the excellent agreement between experiment and 
theory at v=0.78 cm™, a wave number very close to 
the peak absorption. Thus the discrepancy noted in the 
low-frequency wing of the absorption band appears to 
be well outside of any uncertainties in the measured 
and computed values. 


4.3 Measurements in the Region 0.094 to 
0.041 cm (1200 to 2800 Mc) 


The experimental values of a/v” for a temperature of 
25°C and a pressure of 30-cm Hg are shown in Table III. 





PRESSURE BROADENING IN NH; 


For comparison the absorption (corrected to 25°C) 
calculated from the parameters Av and v of Bleaney 
and Loubser are included. These empirical parameters 
and the theoretical intensity of the inversion spectrum, 
when substituted in a single Van Vleck-Weisskopf ex- 
pression, were used by Bleaney and Loubser to obtain 
acurve which represented their experimental data. At 
a pressure of 30-cm Hg, this curve which quite closely 
fits their data near resonance, clearly falls under their 
experimental points as well as ours on the low-frequency 
side of the resonance. Thus at this pressure the single 
Van Vleck-Weisskopf shape factor cannot be a good 
representation of the absorption band both near reso- 
nance and in the low-frequency wing. 

On the assumption that a is proportional to p* up to 
30-cm Hg, as was the case at the higher frequencies, 
one may obtain values of a extrapolated to 10-cm Hg. 
At this pressure and at the lowest wave number 0.041 
cm, the discrepancy between observed and calculated 
absorption is about 3 as large as that noted at 0.094 cm“ 
and 0.31 cm~. However, this apparent improvement 
may not be significant in view of the greater uncer- 
tainty of the data in this case. 


5. DISCUSSION 


At the lower pressures the Van Vleck-Weisskopf 
theory of line shape is in accord with the observed varia- 
tion of absorption with pressure and temperature in the 
low-frequency wing of the band. For that matter, how- 
ever, the original Lorentz theory or a statistical theory” 
would likewise agree with these experiments. The Van 
Vieck-Weisskopf equation gave the observed absorp- 
tion at the peak of the band but so would the Lorentz 
equation. 

A better test of the theory was obtained by an ac- 
curate comparison of the measured and calculated ab- 
sorption in the wings of the lines, specifically at 0.094 
and 0.31 cm. The absorption at 10-cm Hg was found 
to be higher than that computed from the Van Vleck- 
Weisskopf expression by factors of 1.39 and 1.34, re- 
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TABLE ITI. Absorption in NH; deep in the low-frequency wing 
at 30-cm Hg and 25°C. The numbers in parentheses are calculated 
from Bleaney and Loubser’s parameters (private communication). 








a/v? X 104 
0.0610 cm~ 
26.5 


0.0407 cm 


26.2 
(21.5) 


0.094 cm=! 


31.3 
(22.2) 











spectively.” A discrepancy of this magnitude, to be sure, 
is quite small compared to those noted in line shape 
studies in the infrared and optical regions. However, 
it is definitely outside of experimental error and might 
be taken to indicate some defect in the theory. 

It should be noted, on the other hand, that the theory 
requires that the duration of a collision be negligible 
compared with the mean time between collisions. At a 
pressure of 10 cm Hg the fractional time that two 
molecules are separated by less than 13°A (the mean 
optical collision diameter) amounts to 0.03. While this 
time is small, if the molecules during the time of colli- 
sion were to act as Debye nonresonant rotators,”! it is 
conceivable that the absorption in the low frequency 
wing might be substantially increased. In this case one 
would expect better agreement between theory and 
experiment as the pressure is reduced. However, the 
observed proportionality between a and #” both at 
0.094 and 0.31 cm™ shows that no better agreement is 
obtained at the lowest pressure measured, namely 
5 cm Hg. 
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2?On the other hand, the measured absorption is lower by 
roughly a factor of 1.4 than that estimated from the sum of the 
Lorentz expression over the rotational states. Interestingly 
enough, at this pressure the single Van Vleck-Weisskopf expres- 
sion used by Bleaney and Loubser (reference 7) represents well 
the measured absorption both at resonance and in the wings, 
although this result can only be fortuitious in view of the dis- 
crepancy noted above. 

21 A brief theoretical development somewhat along these lines 
was presented by D. F. Smith (reference 6). 
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Substituted Methanes. XV. Infrared Spectral Data, Assignments, and Calculated 7 
Thermodynamic Properties for Fluorotrichloromethane 
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Av 


AND anne 
James P. ZretTLow* AND Forrest F. CLEVELAND, Spectroscopy Laboratory, Department of Physics, oe 
Illinois Institute of Technology, Chicago 16, Illinois 307.5 
(Received January 29, 1953) oes 
Infrared spectral data for gaseous CCl;F have been obtained in the region 400-3200 cm“, using NaCl and Ke 
KBr prisms. The present data are compared with previous Raman and infrared data, and assignments and 535.4 
calculated wave numbers are given. The fundamentals (*=liquid) are v1(a:1) 1085, v2(a:) 534, v3(a1) 351,* vee 
va(e) 846, v5(e) 400,* and vg(e) 245* cm. Thermodynamic properties were calculated for 17 temperatures a 
from 100° to 1500°K and were compared with previous calorimetric results. Ate 
835. 





SPECTRAL DATA AND ASSIGNMENTS intensities were just the reverse. The bands reported by 


NFRARED spectral data for the gas! and for the PB at 680, 1115, and 1215 cm™ were not found by us; = 

two lowest bands of the liquid,? as well as Raman conversely, the bands at 1471, 1150, and the previously J 979 
spectral data for the liquid and the results of a normal mentioned band at 1081 found in the present work were ee 
coordinate treatment,* have been given previously. The "0% found by PB. The 1925 cm™ band reported by TT 
present infrared data were obtained with a Perkin- W4S 20t observed by us or by PB. The two lowest 
Elmer Model 21 double-beam spectrophotometer (NaCl frequencies, observed only by PB in the liquid state, 
optics) and with a Beckman IR-2 single-beam spectro- ®8T€¢ well with the previous Raman values. 
photometer (KBr optics). The present and previous If the moments of inertia calculated from the electron 


. . 4 4 . . . . 
infrared and Raman spectral data, calculated values, ‘iffraction data* are —_ in conjunction with the B 
and assignments are given in Table I. The transmittance Gerhard-Dennison theory,’ the spacing of the P and R & i645 


curves obtained for a 10-cm gas cell with the Perkin- >ranch maxima is expected to be about 17 cm™ for the J i659 
Elmer and Beckman instruments are shown in Figs. 1 parallel bands with the Q branch having an intensity of 
and 2, respectively 40 percent of the whole band. Complete resolution 

, . 


In general, the agreement of the present results with was not attained for any of the CCisf’ bands. However, 


the v2 band showed the resolved Q and R maxima at 534 
those of Plyler and Benedict (PB), and Thompson and and 543 cm, respectively, with the P branch 2s 






















































































i - Salt ate cial 8 Ay 
Temple (TT) is good. The strong band at 1081, how shoulder near 525 cm™ on the Q branch. Similarly, the compu 
ever, was not observed by PB, but was observed by TT. and v4-+ vg superimposed absorptions, with Q branches Fr 
Besides this, TT found that this band was stronger than a+ 1085 and 1081 cm, respectively, have shoulders at mn 
the 1085 cm™ band, whereas in the present work these 1077 (»,, P), 1096 (»;,.R), and 1073 (vs+., P) cm”. a 
Other bands also show such correlation. "Va 

Y \A if | bi qty If the 2v; and 3y; bands are used to establish the » 
‘a EH With dg frequency, it is found that with one anharmonic con- Ou 

§ | | RE i | stant (x11=—12.5 cm~) in the potential energy ex ‘hat 

E ctl pression, w:=1111 cm and »,;=1086 cm™. The Hage 

é | Heahut ; | stronger absorption maximum is at 1085 cm=, and this § ° tl 

- | iH uu is chosen as the fundamental. 

é i i : | Wave Number in cm Pri 
Wi i § expel 
= : erties 

Wave Number (cm) ° for th 
: “i Osbo 

Fic. 1. Infrared absorption bands for gaseous CCl;F (sample = ent 
from Kinetic Chemicals, Inc., distilled; Perkin-Elmer Model 21 2 TO 
double-beam, NaCl optics; 10-cm cell, 30°C). tC TTS accur 
Sciacca nas Wave Length in Microns Thes 


* Present address: Research and Development Laboratories, 
The Pure Oil Company, Crystal Lake, Tllineee. nara Fic. 2. Infrared absorption bands for gaseous CCl;F (sample 290.4 


1H. W. Thompson and R. B. Temple, J. Chem. Soc. 1948, 1422. from Kinetic Chemicals, Inc., Mistilled ; Beckman IR-2, KBr — 
2E. K. Plyler and W. S. Benedict, J. Research Natl. Bur. oPtics; 70 cm Hg, 10-cm cell, 30°C). * Be 
Standards 47, 202 (1951). —_——- 32, 97 
3 Zietlow, Cleveland, and Meister, J. Chem. Phys. 18, 1076 4L. O. Brockway, J. Phys. Chem. 41, 185, 747 (1937). 70s 
(1950). 5. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 (1932). 3496 ( 
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TaBE I. Raman and infrated spectral data, calculated wave numbers, and assignments for fluorotrichloromethane (CC1;F).* 








Infrared (gas) 


Raman> Thompson, Plyler, 
(liquid) Templee Benedict4 
Av v I y I 


Present 
results 


Theoretical 


Assignment 


Type 





944.6 coe eee eee 
350.5 vs vs 3508 
307.8 vs vs 4012 
se oe ee acs 451 
495 


535 


T44 

854 

930 
1072 vee 
1085 1085 
eek ete 1115? 


1193 


ken mee 1215 
1234 1239 
1310 1317 
1377 1376 


1685 j 1678? Ww 


see 1775? vw 
1825 wath ma 
2135 2132 m 
tee tee 3195 vw 


492¢ 
5340 
543R 
601 
745 
796 
846 
891 
931 
936 
1081 
1085 
1147 
{i153 
1194 


1242 
1320 
1379 
1471 
om 
16920 
1771 


2147 


(3183)* 


446 
{$00 


601 
702 
751 
800 
885 
934 


1068 
1091 


1151 
1197 
1200 
1246 
1330 
1380 
1485 
1692 
1787 
2170 
3255 


V6 
V3 
V5 
va7-V5 
v4 V3 
2v6 
v2 
v4a—V6 
2v3 
v3s+vs 


2vs 
V4 
vot vs 


vets 


2ve2 
vat V6 


V1 


v3t2y5 
vat 
3y5 


vatys 
vite 
votr4 
vitys 


2v4 
vit2p3 


21 
3y 


e 
a 


e 
Ai+AotE 
E 
A;+E 


a 


A;+A2+E 
A 


A 
E 


A, 
AitAotE 
a 

AitE 
E 
A;tAeotE 
Ai;+AeotE 
E 
E 
E 
Ai+E 
Ay 
A, 

A, 








* Ay=Raman displacement in cm~; J =relative intensity (s =strong, m=medium, w =weak, v =very); » =wave number in cm~!; ve =wave number 


computed from the fundamentals given in Table II. 
>From reference 3. 
¢From reference 1. 
4From reference 2. 
¢ The region below 400 cm™! was not covered in the present investigation. 


!The region below 532 cm™! was not investigated by Thompson and Temple. 


& These two bands were measured in the liquid state only. 
» Value somewhat uncertain. 


Our assignment of the fundamentals is the same as 
that of PB, as are the assignments for many of the 
overtone and combination bands. The values adopted 
for the fundamentals are given in Table IT. 


THERMODYNAMIC FUNCTIONS 


Previously there have appeared two papers on the 
experimental determination of the calorimetric prop- 
erties of CC];F. Benning et a/.° gave heat capacity data 
for the liquid and vapor, reliable to about +2 percent. 
Osborne ef al.” reported values of the heat capacity and 
entropy for the solid and liquid. Above 25°K the stated 
accuracy of the heat capacity data is +0.1 percent. 
These authors also list entropy values at 298.16 and 
290.40°K computed from spectroscopic and molecular 


* Benning, McHarness, Markwood, and Smith, Ind. Eng. Chem. 
32,976 (1940). 

"Osborne, Garner, Doescher, and Yost, J. Am. Chem. Soc. 63, 
3496 (1941). 


structure data, using the Raman values® of the funda- 
mentals for the liquid. Thompson and Temple’ also 
reported calculated thermodynamic properties over a 
limited temperature range. 

The present paper lists values for the thermodynamic 
properties calculated from the fundamentals given in 
Table II. Brockway’s‘ data for the structural parameters 


TABLE II. The fundamentals of CCI];F. 








Designation »v (cm~) Type Degeneracy 





V1 1085 a 
v2 534 a 
V3 3514 a 
“%4 846 é 
V5 4002 é 
v6 245% e 








8 Values for the liquid state. 


8 G. Glockler and G. R. Leader, J. Chem. Phys. 7, 278 (1939). 
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TABLE III. Heat content, free energy, entropy, and heat capacity 
of CCl;F for the ideal gaseous state at 1 atmos pressure.* 








T (H° —E.°)/T 


100 8.52 
200 10.74 
273.16 12.34 
298.16 12.84 
300 12.87 
400 14.61 
500 16.00 
600 17.11 
700 18.02 
800 18.76 
900 19.38 
1000 19.90 
1100 20.35 
1200 20.74 
1300 21.07 
1400 21.37 
1500 21.63 


— (F° —Eo°)/T So 


49.87 58.39 
56.43 67.17 
60.02 72.36 
61.13 73.96 
61.21 74.08 
65.15 79.76 
68.57 84.57 
71.59 88.70 
74.29 92.31 
76.75 95.51 
79.01 98.39 
81.07 100.97 
82.98 103.33 
84.77 105.51 
86.44 107.51 
88.02 109.39 
89.50 111.13 











® T is in °K and the other quantities are in cal deg! mole™. 


TABLE IV. Calculated and calorimetric data for CCl;F vapor. 








S° (cal deg™! mole) 
Obs4 Calcd 


Cp (cal deg mole) 
Calc Obs* a.d.b 


18.95 19.16 +0.47 
19.04 19.23 +0.51 
20.04 20.44 +0.40 
20.94 21.67 +0.82 


T°K Calce Calce 
311.01 
214.53 
358.74 
407.43 
290.40 
298.16 





73.56 
74.05 74.13 


73.48 73.58! 
73.96 74.07! 


ZIETLOW, 


AND CLEVELAND 


to the entropy at 298.16°K are tabulated separately in 
Table V. Three sets of fundamentals were used for the 
calculation of the vibrational contribution: (a) the 
present values, (b) the values of Glockler and Leader 
(used by Osborne ef al.), and (c) the values of Thompson 
and Temple. The values of Plyler and Benedict are 
nearly identical with the present values and thus would 
give practically the same contribution to the entropy. 

Since heat capacities for the liquid are known, it was 
of interest to attempt an approximate calculation of 
these from the gas values and the data of Benning et al. 
The equation used was” 


(Cp)1= (Cp).—dL/dT+[V,—Vi—T(8V,/8T) 
+T(0V1/8T) p|dP/dT, 


where L is the heat of vaporization, g and / refer to gas 
and liquid, and P, V, T are pressure, volume, and 
absolute temperature, respectively. At 298.16°K, the 
contribution of the last term in this equation is 0.08 
cal deg mole. 


TABLE V. Calculated entropy for CCl;F vapor at 298.16°K. 








Translational Rotational Vibrational Total 


25.69 7.61 73.96 
25.71 7.68 74.05 


25.72 cI fe 74.13 
Observed : 74.07 


Fundamentals used 





40.66 
40.66 


Present values 
Glockler, Leader 
(Osborne e al.) 


Thompson, Temple 40.66 








® Benning ef al., reference 6. 

> a.d. =average deviation of the measured values. 

¢ Present results. 

4 Osborne et al., reference 7. 

¢ Thompson and Temple, reference 1. 

f These values are corrected for gas imperfection; to obtain values for the 
real gas, subtract 0.13 from the entropy of the ideal gas (see reference 7). 


were used: C—Cl 1.76A, C—F 1.40, Cl—Cl 2.91, 
CI—F 2.56, Cl—C—Cl 111.5°; other quantities were 
calculated with Birge’s constants.? The moments of 
inertia were J,.=J,,=210.4 and J,,=300.3 awu A’. 
Table III contains the values of the thermodynamic 
functions calculated with a rigid-rotator, harmonic 
oscillator approximation. Table IV shows a comparison 
between the calculated and calorimetric heat capacity 
and entropy values. In order to account for the differ- 
ence between the entropy values calculated by Osborne 
et al.," Thompson and Temple,! and the present ones, the 
translational, vibrational, and rotational contributions 


®R. T. Birge, Revs. Modern Phys. 13, 233 (1941). 








The value of dL/dT chosen from Benning eé al. was 
—12.24 cal deg mole which is subject to an ap- 
preciable uncertainty."! The computed value for (C,); at 
298.16°K is 30.78 cal deg mole, compared with the 
value 29.06 from the smoothed data of Osborne ef al. and 
29.43 from Benning ef al. The agreement is satisfactory 
in view of the inaccuracy in dL/dT. 
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Raman displacements, semiquantitative relative intensities, and quantitative depolarization factors of 
liquid CBr2F2, and infrared wave numbers and the percent transmission in the region 450-4000 cm~ for 


gaseous CBr2F>2 have been obtained. Satisfactory assign 
the Wilson FG matrix method, with a potential function 


ments were made for all the observed bands. Using 
containing all possible second-degree terms, reason- 


able values of the potential constants were calculated. Finally, the heat content, free energy, entropy, and 


heat capacity for the ideal gaseous state at 1 atmos pre 


ssure were calculated for 12 temperatures, from 100 


to 1000°K, using a rigid rotator, harmonic oscillator approximation. 





T the time this investigation was begun, Raman 

displacements and relative intensities for liquid 
(Br.F'2 had been reported by Glockler and Leader! and 
by Delwaulle and Francois.” The latter also gave five 
quantitative depolarization factors and qualitative esti- 
mates of the polarization state of four other lines. 
During the present investigation, infrared wave num- 
bers and estimated relative intensities for many of the 
bands were reported by Plyler and Acquista.’ 


SPECTRAL DATA AND ASSIGNMENTS 


The sample of CBr2F>2 was distilled under vacuum at 
bw temperature, since the liquid boils at 24.5°C. The 
frst slightly yellow fraction was discarded and the 
niddle fraction was used in obtaining the spectra. 


Raman Data 


Raman displacement spectrograms were obtained for 
the liquid with exposures ranging from 3 to 50 hr, 
ising a 2-prism spectrograph constructed in this labora- 
tory! The depolarization spectrograms were obtained 
ty a single-exposure method with the high-dispersion 
amera (E-614) on a Hilger E-612 spectrograph, and 
ilo with a Hilger E-518 spectrograph. The equipment 
and experimental techniques have been described in 
etail previously.4-* The values of the Raman displace- 
nents and depolarization factors were checked by the 
ise of a Leeds and Northrup microphotometer. 

The triplet 330, 340, 367 cm~! was very difficult to 
measure, since the central line is the strongest line of 
the Raman spectrum, while the outer lines are extremely 
weak, Their intensity was hardly above the background 


*Submitted in partial fulfillment of the requirements for the 
iegree of Master of Science in Physics. 

'G. Glockler and G. R. Leader, J. Chem. Phys. 7, 553 (1939). 
io L. Delwaulle and F. Francois, Compt. rend. 214, 828 

‘E. K. Plyler and N. Acquista, J. Research Natl. Bur. Stand- 
ads 48, 92 (1952). 

‘F. F. Cleveland, J. Chem. Phys. 11, 1 (1943). 

iB. F. Cleveland, J. Chem. Phys. 11, 227 (1943). 

F. F. Cleveland, J. Chem. Phys. 13, 101 (1945). 


caused by the wings of the 340 cm™ band. The polariza- 
tion states of the two weak lines were estimated from 
the microphotometer tracings. The Raman data ob- 
tained from the spectrograms, and assignments of the 
observed lines are given in Table I. 


Infrared Data 


Infrared spectra were obtained for the gas with a 
Perkin-Elmer model 21 double-beam spectrophotometer 
(NaCl optics) and with a Beckman IR-2 spectropho- 
tometer (KBr optics). 

The sample was run on the Perkin-Elmer instrument 
in the region 660-4000 cm, using 10-cm gas cells at 
pressures of 39.8 and 9.2 cm of Hg to obtain the com- 
bination and overtone bands. To resolve the funda- 
mentals, the gas cell was evacuated to a pressure of 
less than 1 mm. Infrared data were secured from the 
records obtained with the Beckman instrument in the 
region below 1000 cm. The infrared percent trans- 
mission curves are given in Figs. 1(a), 1(b), and 2. 
The infrared spectral data and assignments have been 
given previously.’ 


TABLE I. Raman spectral data for liquid CBr2F2.* 








Av 
DF 


165 
281 
330 
340 
367 
623 


p 
PR 


Pol. 
state 


Assign- 
PR ment 
168 
281 
325 
340 
369 
624 
659 


GL 


165.3 
282.2 
330.1 
340.0 
367.4 
622.9 
815.8 
1076.7 
1142.0 





0.47 P 
(0.51) Db 
D 


0.07 
D 


0.13 
(0.47) 
0.72 
0.40 
0.76 


816 
1077 
1141 


816 
1077 


1143 1142 








® Av=Raman displacement in cm~; J] =relative intensity (vw =very 
weak); p=depolarization factor; GL =Glockler and Leader, reference 1; 
DF = Delwaulle and Francois, reference 2; PR =present results; PV =prob- 
able value; Pol. =polarization; D=depolarized; P=polarized; and the 
parentheses enclose values that are uncertain. 

b The low value of the depolarization factor is probably caused by over- 
lapping of the very strong, polarized 340 cm™ line. The background is high 
on the plates on which the 282 cm™ line is sufficiently intense to measure. 
Also, the normal coordinate treatment indicates this line should be de- 
polarized. 


7 Decker, Cleveland, and Bernstein, J. Chem. Phys. 21, 189 
1953). 
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;. 1(a). Infrared spectrum of gaseous CBr2F; (NaCl optics). 
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. 1(b). Infrared spectrum of gaseous CBr2F; (NaCl optics). 


Assignments 


In making the assignments, the observed wave num- 
bers were checked against the fundamental frequencies 
of related molecules to see if there were any bands which 
could be due to impurities. The strongest bands of the 
most probable impurities either were not observed or 
fell so near to the fundamentals of CBr2F.2 that they 
would have been masked. 


NORMAL COORDINATE TREATMENT 


The Wilson FG matrix method was used to verify the 
assignment of the fundamentals by transferring poten- 
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spectrum of gaseous 


tial constants from CBr;F* and CF;Br® and calculating 
values of the wave numbers. Theobserved wave nun. 
bers were then used to find a reasonable set of potential 
constants for CBroF». 

The notation introduced by Davis ef al.” is used 
for the bond distances, interbond angles, and poten. 
tial constants (fi=C—F,i, fo=C—Fo, b;=C—Br, 
bo=C—Bro, fifz=Fi—C—Fs, etc.). Since the redun- 
dant coordinates, the symmetry coordinates, and the 
F and G matrices for the a2, b;, and b2 vibration types 
were essentially the same as those obtained by Davis,” 
they will not be given here. However, for the a vibra- 
tions it was found expedient to use a new set of sym. 
metry coordinates in order to get F matrix elements 
which were easier to use. The following symmetry 
coordinates were chosen for these: 

R=2(Af.+- Afr), 

R,= 2-4 (Afi fo— Abbe), 

R3= ‘ (Ab;+Ad,), 

Ry= 12-4 (Abi f: + Abofo+ Ab; fo+Abof1) 

—2(Affo-+Abib:) ] 


These led to the following new F and G matrix elements: 


Fu=f;tfy; 
Py=ff!—f", 
Fy3=2ft), 
P= Qi fy — fot $0, 
Fo=3( frst fo—2fo), 
Fo3= fol — fr”, 
Foa=67* (foo— fs +2 fos! —2fa”), 
F a fot ‘, 
Fyq=2( fo! fo! — fol! — fo") O, 
Fas= (foot frst foo! fost for! t fo? 
J fafa! — Al) 3 
Gu=Hrt2uc/3, 
Gio= — 2uc(f-' +67) 22/3, 
Gis= — 2uc/3, 
Gy4= 2uo(f—b)/3}, 
Goo= wr fl? +p? +4uc (f'+5-)?/3, 
Go3= 2c (f+5-1) 21/3, 
Goy= 34[upb?—prf?+4uc (b?— f)/3 2-4, 
G33= prt 2uc/3, 
Gaa= 2c (b'— f+}, 
Gus=3[ur f+ upd? +40 (6 — f)?/3/2. 
® Meister, Rosser, and Cleveland, J. Chem. Phys. 18, 346 


(1950). 
9 McGee, Cleveland, Meister, Decker, and Miller, J. Chem. 


Phys. 21, 242 (1953). $4 
10 Davis, Cleveland, and Meister, J. Chem. Phys. 20, 4 


(1952). 
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SPECTRA AND THERMODYNAMIC PROPERTIES OF CBr2F:2 


In the above expressions, wc, pr, and wr are the 
reciprocals of the atomic masses of the C, Br, and F 
atoms, respectively. The values of the masses (in awu) 
ysed in the calculations were 12.01, 79.916, and 19.00, 
in the same order. The equilibrium values of the C—Br 
and C—F bond distances were estimated from values 
jor the same bonds in related molecules, since no micro- 
wave or electron-diffraction results were found for 
CBr2F >. The values assumed were b= 1.91 and f=1.33A. 

The calculated wave numbers are compared with the 
observed values in Table II, and the resulting potential 
constants are listed in Table ITI. 


TABLE Ii. Comparison of observed and calculated 
fundamentals of CBr2F2. 








v4 V5 v9 v3 vl v2 v8 v1 v6 


Observed 165% 2828 330° 340% 3678 623> 831> 1090 1153» 
Calculated 165 283 331 339 367 616 831 1093 1153 











s Observed for the liquid (Reference 1). 
>Observed for the gas (Reference 7). 


TABLE III. Potential constants for CBr2F2. 








Type of constant 


Bond-Angle 
(md/rad) 


0.37704 tis 

0.29605 

0.28016 

0.26869 
—0.27382 
—0.24816 
—0.19481 
—0.01254 


Bond-Bond 
(md/A) 


f, 6.1400 
i 0.80996 
4 2.9132 
i 0.66281 
f 0.13918 


Angle-Angle 
(md A/rad?) 


1.5409 
1.1750 
1.0185 
0.05514 
0.11594 
0.04588 
0.07466 
—0.05271 
— 0.05031 





fyi 
fpi 


bb 
fap!" 
foo! 








THERMODYNAMIC PROPERTIES 


The heat content, free energy, entropy, and heat 
capacity at constant pressure were calculated for one 
mole of the ideal gas at 1 atmos pressure with a rigid 
totator, harmonic oscillator approximation. The effect 
of nuclear spins and isotopic mixing was neglected. 
Using the values given above for the bond distances 
and the masses of the C, F and Br atoms, respectively, 
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TABLE IV. Heat content, free energy, entropy, and heat capacity 
of CBr2F; for the ideal gaseous state at 1 atmos pressure.*  — 








z (H° — Eo) /T 


100 8.78 
200 11.08 
273.16 12.59 
298.16 13.05 
300 13.08 
400 14.69 
500 15.99 
600 17.04 
700 17.92 
800 18.64 
900 19.25 
1000 19.77 


—(F°—E,®)/T So Cy? 


53.02 61.80 10.86 
59.81 70.89 15.51 
63.49 76.08 17.76 
64.61 77.66 18.40 
64.69 77.77 18.44 
68.68 83.37 20.46 
72.11 88.10 21.84 
75.11 92.15 22.79 
77.82 95.74 23.46 
80.26 98.90 23.94 
82.49 101.74 24.30 
84.54 104.31 24.56 











® T is in degrees Kelvin and all thermodynamic functions are in units o 
cal deg mole. 


the principal moments of inertia were found to be 
T,2= 159.0, I,,=502.6, and J,,=433.8 awu A*®. The 
symmetry number is 2. The wave numbers of the funda- 
mentals used in the calculations are given in Table II. 
Each is singly degenerate. Although five of the values 
are for the liquid state, the close agreement of the 
calculated values of the combination and overtone 
bands involving these fundamentals with ‘the observed 
values for the gas’ indicates (1) that the gas values of 
the low fundamentals are not appreciably different from 
the liquid values; and (2) that the anharmonicity is 
small. The calculated values of the thermodynamic 
properties are given in Table IV. 
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On the Use of Ultrasonic Absorption for the Determination of Very Rapid Reaction Rates 
at Equilibrium: Application to the Liquid Phase Association of Carboxylic Acids*} 





The 
Ext FrEEDMANt perat 
Department of Chemistry, Cornell University, Ithaca, New York 
(Received October 6, 1952) 
(p= 
An equation is derived for the excess acoustic absorption in a liquid system due to the occurrence of a 
chemical reaction; the method used follows in part that used by Damkdhler in the case of gases. It is shown 
that the gross reaction rate at equilibrium can in general be found once the frequency at which the maximum 
excess absorption per wavelength occurs has been found, provided thermodynamic data for the reaction 
are known. 
The application of this method to the study of the kinetics of very rapid reactions is discussed and the 
effects of other causes of absorption are considered. Here | 
As another application of the results obtained the acoustic absorption of acetic and propionic acids is the e1 
considered. A consistent interpretation of data in the literature is given on the assumption that the excess which 
absorption is due to the perturbation of an equilibrium between monomeric and dimeric molecules. The ‘ 
mole fraction equilibrium constant Ky, and the heat of reaction for the dimerization are calculated. The hons 
values found for acetic acid are Kw(293°K)=61.97 and AH=—6.21 kcal/mole; for propionic acid, capac] 
Ky(281.2°K) =3.040X 108 and AH=—9.33 kcal/mole. Rate constants and activation energies for the design 
dissociation of the dimers are also calculated. capaci 
Al 
define 
INTRODUCTION Definitions 
I< 1942 Damkéhler' published a long detailed paper The reaction to be considered will be written in Th 
on the theory of the determination of rapid gross the form , 
reaction rates? in an equilibrium mixture of reacting chang 
ideal gases by the measurement of sound velocity and ri 
absorption. Recently Liebermann* and Barthel‘ have (1) fi ven t 
considered (for some special cases) the role of chemical 
reactions as a possible cause of sound absorption in Here the A; (i=1, 2, ---, M) represent the components 
electrolytic solutions. * of the reaction. The a; are the stoichiometric coefficients 
_In this paper the excess acoustic absorption in a of the A; in the balanced chemical equation, and are The d 
liquid ape ga? - ns nasa of a —.. either positive or negative: a;>0 if A; is produced by f tyr. 4 
ee Tet TP CT CAE GE SIS reaction ; a;<0 if A; is consumed by the reaction. 
assumptions.® The results will be applied to the in- A alnJ 
. p A . Let 1; and N; be the number of moles and the mole n 
terpretation of the ultrasonic absorption of acetic and , a 
a" P : fraction, respectively, of A;. Then N;=n,/n, where 
propionic acids, and the usefulness of ultrasonic tech- _ at In thi . Tiecaied maaan 07 
niques in chemical kinetics will be considered. pe NjTNs. (In this equation and henceforth, su Loa 
tion limits are understood to be 1 and M, unless other- § Comb; 
THE EXCESS ABSORPTION DUE TO wise indicated.) then s 
CHEMICAL REACTION The heat of reaction AH, is 
The acoustic absorption coefficient will be found by AH=Saill; where 
a method essentially like that employed by Bauer® ——_— 
a retain < Re ee Geepeee of eaneeect- where #7; is the partial molal heat content of A; in the 
ca? particular medium. The solvent, if any, is assumed to 
* Based on a Ph.D. thesis submitted by Eli Freedman to the _ be inert. & thes 
Graduate Faculty of Cornell University, September, 1952. The mole fraction equilibrium constant Ky ' § ptoces: 
+ Part of this paper was presented at the 122d National Meeting . chan 
of the American Chemical Society, September, 1952. given by — 
t Present address: Research Analysis Group, Department of vn (3) lact th 
Physics, Brown University, Providence 12, Rhode Island. InKy=)oa; InN ?, achiev 
1G. Damkohler, Z. Elektrochem. 48, 62, 116 (1942). This paper momer 
also contains a historical review of the problem. se cory? i rs to 
2G. Damkéhler’s Bruttogeschwindigkeit. This term should be where the superscript 0” here and elsew here refe b perturl 
carefully distinguished from net reaction rate (which is zero at an equilibrium value, although for simplicity it will be To | 
equilibrium) and specific reaction rate (which depends on the omitted wherever no ambiguity will result eile 
mechanism assigned to the reaction). aged? factio 
3. Liebermann, Phys. Rev. 76, 1520 (1949). The total heat content of the system is given by to an ¢ 
4R. Barthel, J. Acoust. Soc. Am. 24, 313 (1952). mi ound 
5 While this paper was being prepared, Dr. Milton Manes of = i. iy 
the U. S. Bureau of Mines informed the author that ae H LnH +n sh s, meg 
arrived at similar results. See J. Chem. Phys. 21, 1791 (1953). 5 ‘ that t 
6 E. Bauer, Proc. Phys. Soc. (London) 62A, 141 (1949), where the subscript “.S” refers to the solvent, if any. ts 
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ULTRASONIC ABSORPTION AND RAPID REACTION RATES 


The Equilibrium Heat Capacity 


The differentiation of Eq. (4) with respect to tem- 
perature, keeping the pressure constant, gives 


oH oH; 
e=(—) =) m( ) 
aT] p aT J p 
OH _ On; 
+n(—) +E a(—). © 
OT / p oT 


7 P 


Here Cp® is the measured equilibrium heat capacity of 
the entire system. The first two terms on the right, 
which will be designated Cp”, represent the contribu- 
tions of the individual components to the total heat 
capacity. The third term on the right, which will be 
designated Cp’, gives the contribution to the total heat 
capacity made by the occurrence of the reaction. 

A new variable ~ will now be introduced. It is 
defined by the equation 


én; =a 6€. (6) 


(The operator ‘6” has its usual meaning of a small 
change or variation.) 

From the definition of Cp" and Eqs. (2) and (6), it is 
ven that 


6g 
Cp’=AH (=) : (7) 
6T/ p 


The differentiation of Eq. (3) with respect to tempera- 
ture at constant pressure gives 


dlnKy AH a; On; a; fon 

pa) Mon t(%) -2X(2). « 
. oF P RT? nN; oT P n\OT P 
Combining Eqs. (6) and (8), solving for (0&/dT)p, and 
then substituting the result into Eq. (7) gives 


Cp’=DR(AH/RT)?, (9) 


where 
D= oR (a ?/Ni) i (dia;?)/n}". (10) 


Introduction of Time 


These equations apply only to purely equilibrium 
bocesses. Now it is necessary to inquire into the 
thanges that will be caused by taking into account the 
act that a finite time is required for the reaction to 
chieve its equilibrium state again, once it has been 
tomentarily displaced from that state by a small 
berturbation. 

To find an expression for d£/dt, suppose that the 
action (1) is displaced from its equilibrium position 
0 an extremely small extent, say, by the passage of a 
“und wave through it. The perturbation is to be taken 
% small that it will be a good approximation to assume 
that the forward and backward gross reaction rates are 
"tually equal to each other. Let these forward and 
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backward rates be U; and U,, respectively. Then evi- 
dently U/=U,°. This equilibrium gross reaction rate 
will henceforth be denoted by U. With these definitions 
it follows that near equilibrium 


(d¢/dt) p=U;s— U4. (11) 


Inasmuch as U; and U; are presumed to be so near their 
equilibrium value, InU; and InU; can each be expressed 
as the first two terms of a Taylor series expansion about 
InU: 


(12) 


re) InU; 
Inv! =Inv-+( ) (T-—T*). 
Ol fea 


Here, ‘‘eq’”’ means that the derivatives are evaluated for 
the equilibrium state. Rearranging Eq. (12) leads to 


In(U;/U)=In[1— (U—U,)/U]&(U;—U)/U; 
hence, 
(U;—U)/U=(d InU;,/dT).4(T—T®). 
Likewise, 
(U,—U)/U= (d \InU;,/dT) .(T— T”). 


In many cases Uy; and U, can be represented by 
equations of the type 


U;=k IN *-F, 


(13) 


(14) 


(a;<0) (15) 


(16) 


and 
U,=h JN *7-F, 


where F is some unspecified function of the concentra- 
tions and temperature.’ Provided that only the first- 
order terms are retained in Eqs. (13) and (14), it will 
be seen that nothing need be known about the functional 
form of F. However, F must be the same function in 
both (15) and (16) since at equilibrium it is necessary 
that 


(a;>0), 


ky JIN ¥ 
aaa uff 
k, TV 


The two k’s introduced in Eqs. (15) and (16) are 
specific reaction rate constants and hence are dependent 
only upon the temperature. 

Subtracting Eq. (14) from Eq. (13) and substituting 
Eqs. (15) and (16) into the resulting equation, due 
attention being paid to signs, gives 


(U;—U,)/U = (AH/RT?) (T—T”) 

—) (a;/Ni)(ON;/8T) p(T—T°), 
where use has also been made of Eqs. (3) and (17). 
The derivation of Eq. (18) has followed closely the 


work of Damkéhler.! Combining Eqs. (18) and (11) 
and expressing (0N;/0T)p in terms of (0&/dT)p (as 


(17) 


(18) 


7 More general relationships than Eqs. (15) and (16) between 
the gross reaction rates and the concentrations of the components 
have recently been derived by Manes, Hofer, and Weller, J. Chem. 
Phys. 18, 1355 (1950). 
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Fic. 1. Absorption due to reaction greater than absorption 
due to other causes: 8EB%c/A =0.08. 














Fic. 2. Absorption due to reaction comparable to absorption 
due to other causes: 8EB*c/A =1. 





| 











Fic. 3. Absorption due to reaction less than absorption 
due to other causes: 8EB%c/A =8. 


Fics. 1-3. Total absorption coefficient per wavelength (solid 
lines) plotted against frequency. The bell-shaped dashed lines 
show the absorption due to reaction; the dashed straight lines 
show the absorption due to all other causes. Horizontal and 
vertical scales are logarithmic in all plots. Numbers have been 
omitted as the graphs are purely illustrative. 


above) yields 
(1/U) (9&/dt) p= (AH/RT*)(T—T*) 

—[X (a?/ni)— (La;)?/n ](9&/dT) p(T—T°). (19) 
For a harmonic disturbance, 7= T°+ATe‘'. Equation 


(19) can now be solved for (0§/0T)p since (0£/dt)p 
= (0£/0T) p(dT/2t), 


(8&/8T) p= D(AH/RT®)/{1+(iwD/U)]. (20) 


The effective heat capacity at constant pressure fo; 
frequency w can now be defined as 


Cp=Cp*+ AH (9¢/dT)p, (21) 


in analogy with the equation used previously for C>' 
The distinction is that here (0£/8T)p is a function of 
the frequency. Combining Eqs. (20) and (21) yields, 
with the use of Eq. (9), 


Cr=Cp*+Cp'/[1+ieD/U]. 


Thus the effective heat capacity is a complex quan. 
tity, and consists of two components, one of them 
instantaneous and the other relaxational. It should be 
pointed out that this division is with reference to the 
reaction. The “instantaneous” component is not strictly 
that, but may itself be divided into several further 
components, each with a nonzero relaxation time. It is 
assumed here, however, that all of these relaxation 
times are much smaller than that of the reaction 
itself.$ 

By employing the internal energy E instead of the 
heat content H and by carrying out the differentiations 
with respect to the temperature at constant volume 
instead of constant pressure, an equation for Cy“ can 
be obtained in an identical manner, If it is assumed 
that the volume change of reaction is negligible, then 
this expression reduces to 


Cyf=Cy*+Cp'/[1+iwD/U ]. 


The ratio of the effective heat capacity at constanl 
pressure to that at constant volume is 


yt=C pett/Cyeti (24 


(23) 


and of course is also a complex quantity. 


The Absorption Coefficient 


The sound absorption coefficient can now be fount. 
Consider a plane wave, 


u= uo expl (t—x«/T) ]=uoe~* expl (t—x/c) ], 


where I’ is the complex phase velocity of the wave; 
c, its real phase velocity; and a, the linear amplitutt 
absorption coefficient. It is easily shown that 


a= — (we/2)Im(1/T?). (25 


For the present case it follows from the work 0 
Markham, Beyer, and Lindsay" that I is given by 


T2=7°!/pBr. (26) 


This may be compared to the equation satisfied by “ 


8 It is to be noted that if there are several relaxation process, 
then Cp® will decrease with increasing frequency as successi'é 
components are “frozen” out. 

®Note that the numerator of the second term on the tight 
is Cp’, not Cy’. This is a direct consequence of the assumptl 
that there is but a negligible volume change due to reaction. 

10 Markham, Beyer, and Lindsay, Revs. Modern Phys. 23, 38 
(1951). See especially Sec. 7A. 
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ULTRASONIC ABSORPTION 


(the velocity at very low frequencies), 
(27) 


where p is the density, 87 is the coefficient of isothermal 
compressibility, and 7o is the ratio Cp°/Cy®. In writing 
Eq. (26) it is assumed that 87 is a real number. This 
will be the case when, as has already been assumed, 
the volume change due to reaction is negligible. (Other- 
wise there would be the possibility of “structural ab- 
rption” of the type investigated by Hall" in the case 
of water.) 

Combining Eqs. (22)—(27) there is obtained, after 
sme algebra, 


- | (Cp°—Cy")Cp’(wD/U) 
2ce I(Cp°)?+ (Cp*)?(wD/U)* 


6c’ =0/pBr, 





Use is made of the equations Cp°=Cp*+Cp" and 
(y°=Cy*+C >’ in simplifying the numerator of (28). . 
In studying the variation of the absorption with 
frequency it is more useful to consider the absorption 


wefficient per wavelength, which is defined by 
u=an, (29) 


where \ is the sound wavelength. It follows at once that 





c\? (Cp°—Cy")Cp’@D/U) 
an ) 


col (Cp®)?+ (Cr*)*(wD/U)? 

The function u4(wD/U) has the typical bell-shape 
associated with absorption due to a relaxation mecha- 
tism. It attains a maximum when 


wm/U=C p®/ DC p*, (31) 


m the assumption that c is independent of the fre- 
quency. The value of » at the maximum is 


m= (4/2) (c/co)?(yo—1)Cp*/Cp*. (32) 


It is to be emphasized that a@ and yu of the preceding 
equations refer only to the excess absorption caused by 
the occurrence of the chemical reaction, and not to 
absorption due to any other cause. This point will be 
taken up below. 


APPLICATION TO CHEMICAL KINETICS 


There does not exist at present a widely-applicable 
technique for the measurement of extremely rapid re- 
action rates in solutions at ordinary concentrations and 
temperatures. In fact it can be shown” by considering 
the diffusion of thin filaments of reactants into one 
‘nother that rates of reactions having a half-time less 
than 10-4 second cannot be determined by the usual 
low methods, for diffusion becomes the rate-controlling 
‘ep instead of reaction. In order to measure the rate 


f such rapid reactions use must be made of some 
Ls 


ma Hall, Phys. Rev. 73, 775 (1948). 
S. H. Bauer (private communication). 


AND RAPID REACTION RATES 
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method which does not require the mixing of the re- 
actants. Studying the rate of return of the system to 
equilibrium after it has been subjected to a small 
perturbation from an equilibrium state is one such pro- 
cedure," and the use of ultrasonic waves appears to be 
a specific means of accomplishing this. As yet, however, 
few such experiments have been reported.” 

At first glance this method would appear simple and 
of fairly wide application: The absorption coefficient 
per wavelength is first measured as a function of the 
circular frequency w; this leads to a determination 
of wm, which in turn gives U directly from Eq. (31) 
provided D can be determined. 

There is, however, one important difficulty : the effect 
of other sources of absorption on the accuracy of the 
determination of um and hence of wm. Of the various 
possible other sources the two most important are 
vibrational heat capacity relaxation and viscosity, in 
that order. For the case in which the vibrational heat 
capacity relaxation frequencies are all far removed from 
the relaxation frequency of the reaction, ym=w,,/27, 
the linear absorption due to other causes in the neigh- 
borhood of v» will be proportional to the frequency 
squared; hence, to a first approximation the total 
absorption per wavelength yr will be given by 


pr=Av/(BP+C*rv*)+Ecv (33) 


in the neighborhood of yv,. Here v is the sound fre- 
quency, £ is a constant, c is the sound velocity at 
frequency v, and A, B, and C are defined by comparison 
with Eq. (30). The function y7(v) has two stationary 
points; their locations are given by the two positive 
values of 





A—2EcB°+A[1—8EcB*/A}} 
- ICE 


yp? 


If 8EcB?/A <1, then u(y) has both a relative maximum 
and a relative minimum, the former occurring at the 
lower frequency. If, however, 8EcB?/A 21, the maxi- 
mum and minimum disappear, and yr(v) has only an 
inflection point. Three different cases are shown graphi- 
cally in Figs. 1, 2, and 3. Whether v,, can be calculated 
with any degree of accuracy in such situations will 
depend in general upon the accuracy with which the 
absorption due to other causes for a given system can 
be estimated. This will be difficult, as there does not 
yet exist an adequate theory for the acoustic absorption 
of solutions. 


13 See the paper mentioned in reference 7 for a general discussion 
of the theory of the determination of reaction rates by the meas- 
urement of gross reaction rates at or near equilibrium. 

14 Mention should be made, however, of early attempts to 
determine reaction rates in the system NzO—N,0, by the meas- 
urement of sound velocity ; these are summarized by H. O. Kneser 
and O. Gauler, Physik. Z. 37, 677 (1936). See also the discussion 
in Damkohler’s paper (reference 1). Also: S. H. Bauer, J. 
Phys. Chem., April, 1953. 





TABLE I. Properties of acetic acid. 








Quantity* 


Cp=1.969+-0.00389¢ joules/gram-°C » 
V.= Vo1+0.001063i— 1.2636 X 10-7+- 1.0876 X 10-823 © 
pP20= 1.049 gram/ml d 








t Adiabatic compressibility Isothermal compressibility® 
20 75.73 X10~-* atmos 91.98 10-* atmos 
30 81.55 98.48 
40 87.50 105.10 
50 94.10 112.55 
60 101.18 120.66 








a8 ¢=temperature, °C. 

b International Critical Tables 5, 114. 

¢ Lange, Handbook of Chemistry. sixth edition, p. 1589. 
4 Reference c, p. 331. 

e D. Tyrer, J. Chem. Soc. 105, 2534 (1914). 


APPLICATION TO CARBOXYLIC ACIDS 


One application of the results obtained in the pre- 
ceding section is to associated liquids, at least those of 
the types exemplified by the lower aliphatic alcohols 
and the carboxylic acids. (Some such restriction as this 
is necessary at present so that only liquids in which 
the association manifests itself by the formation of 
specific chemical entities are included.) 


Acetic Acid 


Acetic acid vapor is known to be composed of an 
equilibrium mixture of a monomer and a dimer. The 
dimer is held together by hydrogen bonding between 
the two carboxyl groups, 


C=0---H-O 


“afl \ 
H;C CH;. 


O—H::--O=C 


This structure for acetic acid dimer has been verified 
directly by electron diffraction.'® That a similar equi- 
librium occurs in the liquid phase has been established 
for pure acetic acid by Raman spectroscopy,!® and for 
solutions of acetic acid in nonpolar solvents by polar- 
ization measurements,'’:!8 distribution experiments (see 
Moelwyn-Hughes"), and infrared spectroscopy.”° 

Accordingly it can be assumed that liquid acetic acid 
is an equilibrium mixture of a monomer and a dimer, 
the reaction being 


2CH,;COOH=(CH;COOH)>. 
Therefore, a;= —2, a2=1, }-a;=—1, and so 
D=[4/m+1/n—1/(n+n2) J. 


16 J. Karle and L. O. Brockway, J. Am. Chem. Soc. 66, 574 
(1944). 

16 P, Traynard, Bull. soc. chim. France 14, 316 (1947). Traynard 
finds a value for AH much larger than that reported here. 

17 Hobbs, Deal, Maryott, and Gross, Abstracts of Papers, 
American Chemical Society, April 1951, p. 50 p. 

18 Pohl, Hobbs, and Gross, J. Chem. Phys. 9, 408 (1941). 

19 E. A. Moelwyn-Hughes, The Kinetics of Reactions in Solution 
(Oxford University Press, London, 1947), second edition, p. 171 f. 

2M. M. Davies and G. B. B. M. Sutherland, J. Chem. Phys. 6, 
767 (1938). 
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If y is the degree of dissociation of the dimer, and if one 
mole of dimer was initially present (before dissociation), 
then by Eq. (9) 


Cp’=R(AH/RT)*(y/2)(1—9). 


In this case, Cp® is taken as the heat capacity of 
120.1 g of acetic acid.”' The data used in the calculations 
are assembled in Table I. In Table II are listed various 
constants derived from those in Table I. The ultrasonic 
data are those of Lamb and Pinkerton.” 

From Eq. (32), 


r/c? Cp" 
“(=) (ye—1)———-=1~. 
2 Co C p*—Cp" 


Lamb and Pinkerton’s data show that at no tempera- 
ture does (c../co)* exceed 1.036, so that (c/co)* may be 
reasonably taken to be 1. Here c is the velocity at 
frequency ym; its exact value is unknown, but it musi 
lie between ¢o and c,.. 

At 7,=293°K, pum=0.0510; at T2=323°K, un 


(34) 


TABLE II. Some physical constants of acetic acid 
calculated from data in Table I. 











Heat cap. 

Coefficient (cp) cp®*—cy® 7 
of thermal Density (cal/ (cal/ —(yo—1) 

T (°K) expansion (g/ml) gram-°C) gram-°C) 2 
293 0.001069 1.049 0.4875 0.09243 0.3675 
303 0.001085 1.038 0.4968 0.09101 0.3523 
313 0.001105 1.027 0.5061 0.09040 0.3416 
323 0.001132 1.017 0.5154 0.09056 0.3348 
333 0.001165 1.007 0.5247 0.09131 0.3310 








=().0610; hence it follows from (34) that 
Cp" 


—_—_—= (0.13877 at 293°K, 
58.544—Cp’ 





and 


Cp” 


— = 0.18218 at 323°K. 
61.898—Cp” 








Solving each of these equations gives C p’(293) = 7.1347 
cal/mole and C p’(323) =9.5388 cal/mole. 

Let y and g be the degrees of dissociation of the dimer 
at T,;=293°K and T,=323°K, respectively. Then 


R(AH/RT;)*(y/2) (1—y*) = 7.1347 (35) 
d 
R(AH/RT>)?(z/2) (1—2*) = 9.5388. (36) 


A third equation is necessary. The mole fraction equi 
librium constants at 293°K and 323°K are K,= (1—)")/ 


21In a brief communication of the results of this section, 
E. Freedman, J. Chem. Phys. 19, 1318 (1951) there were unfortu- 
nately several errors. The most serious one is in the equation for 
u(v). The correct equation can be obtained at once by substituting 
the expressions just given for Cp’, Cp®, and D into Eq. (30). 

2 J. Lamb and J. M. M. Pinkerton, Proc. Roy. Soc. (London) 
199A, 114 (1949). 
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ULTRASONIC ABSORPTION AND RAPID REACTION RATES 


4% and K,= (1—2?)/4s?. The integrated van’t Hoff 
equation is 
n =—|——-— ], 
K(T)) RIT; To 





provided AH is independent of temperature in the range 
taken. For 7,;=293°K, and T.=323°K, this equation 
becomes, upon converting to common logarithms, 





K (323) 


= 6.9302 X 10~°AH. 
K (293) 


Substituting the expressions for K, and K, gives 


9 


— 9 





2 log (9/2) Hog =6.930210-°AH, (37) 


-¥ 
the necessary third equation. 

These three equations can be solved by a straight- 
forward method of successive approximations. The re- 
sults are K(293)=61.97, and AH=—6.21 kcal/mole. 
These values can now be used to compute uw» at all the 
remaining temperatures. The results are collected in 
Table III and are seen to be in good agreement with 
Lamb and Pinkerton’s data.” 

The gross reaction rate, U, can be calculated now 
from Eq. (31), since v,, is given by Lamb and Pinker- 
ton.” The result of this computation is in Table III. 
If now it is assumed that for the reverse reaction, 
U=k,No, ky can be found immediately. The values of k; 
are contained in Table III. Finally the energy of 
activation of the reverse reaction can be found by 
plotting logk, against 1/7. It is found that the plot is 
linear; the slope gives q,= 12,700 cal/mol. This calcu- 
lation depends on the mechanism assumed for the 
reverse reaction. The measurement of the ultrasonic 
absorption over a range of concentration of solutions of 
acetic acid in an inert solvent (e.g., toluene) would be a 
way by which this point could be investigated further. 

No error has been introduced by neglecting the 
possible volume change of reaction, as the data of 
Pohl, Hobbs, and Gross" on the electric polarization of 
acetic acid show that this volume change is zero. 


Discussion of the Results for Acetic Acid 


In view of the fact that there has been considerable 
discussion in the literature on the acoustic behavior of 
acetic acid and its interpretation, it seems appropriate 
to discuss the significance of the preceding results in a 
little more detail. 

The dimerization of acetic acid has been studied 
extensively both in the vapor phase and in non-polar 
solvents. A recent investigation® of the vapor phase 
association gave AH = — 15.3 kcal/mole of dimer, and a 
Tecent study’? of the association of acetic acid in benzene 
solution gave AH = —9.2 kcal/mole of dimer. Moelwyn- 


A 
*M. D. Taylor, J. Am, Chem. Soc. 73, 315 (1951). 


1789 


TABLE III. Results of calculations for acetic acid. 








Max. abs. coefs. Gross reaction 








per wavelength rate U X10-5 
T (°R) Obs* Calc (mole/liter) 
293 0.0510 0.0510 0.969 
303 0.0545 0.0540 1.87 
313 0.0583 0.0574 3.53 
323 0.0610 0.0610 6.56 
333 0.0641 0.0648 11.7 
Mole fraction Specific rate 
equil. constant const. for dissn.» 
T (°K) Kn kp X10-5 (sec) 
293 61.97 1.10 
303 43.58 2.18 
313 31.34 4.22 
323 23.01 8.08 
333 17.21 14.9 








@ See reference 22. ? ; rae 
b Assuming first-order mechanism for the dissociation. 


Hughes” has shown that the change in AH from vapor 
to solution can be satisfactorily accounted for by 
assuming that the electrostatic energy between dipolar 
molecules is reduced by a fraction (D+2)/(3D) in a 
medium of dielectric constant D. Thus, if.D for benzene 
is taken as 2.28, the fraction is 0.627; whereas 


AB wenewe 9.2 
—_——_=>—— = 0.601. 
AH vapor 15.3 


A similar calculation for pure acetic acid with D taken 
as 7.1 gives the factor as 0.427. Hence the predicted 
value for AH in pure acetic acid would be 


0.427 
—(—9.2) = —6.5 kcal/mole of dimer 
0.601 


which compares favorably with the value —6.2 kcal/ 
mole of dimer found above. This calculation is, of 
course, based on an oversimplified model; but it serves 
to show that the values found by the u!trasonic method 
are indeed reasonable. The first attempt at a calculation 
of the heat of association of acetic acid from ultrasonic 
data was made by Lamb and Pinkerton.” However 
they employed the simple ‘“‘two state” model, A=B, 
and thus implicitly assumed an incorrect stoichiometry 
for the reaction 2CH;COOH=(CH;COOH)>. (It was 
for this reason*® that they were unable to obtain the cor- 
rect temperature dependence of the absorption from 
their computation.) They arrived at a value of AH of 
— 8860 cal/mole and speculated that the process occur- 
ring involved the formation of one hydrogen bond only. 
It is now seen that this is not the case. 

Lamb and Pinkerton® found evidence of another 
relaxation process in acetic acid, this one near 67 mega- 
~ * Reference 19, p. 206. 

25Tn earlier note (see reference 21) it was stated that the 
reason for their failure to account for the temperature dependence 
was the use of an incorrect rate law. Dr. Milton Manes has 
pointed out in a letter that any number of rate laws would work, 


provided that they implied the correct 2:1 ratio of monomer 
to dimer. 
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TABLE IV. Some physical constants of propionic acid. 








Sound vel. 
(m/s)> 


1236 
1171 
1121 
1071 
1021 


Tv 
—(yo —1) 
2 


Cv (cal/g-°C) 


0.4594 
0.4645 
0.4687 
0.4730 
0.4776 


T (°K) 


281.2 
294.2 
304.2 
314.2 
324.2 


Cp (cal/g-°C) 


0.5595 
0.5595 
0.5595 
0.5595 
0.5595 





0.3463 
0.3252 
0.3047 
0.2875 
0.2686 








8 International Critical Tables 5, 108. 
b L. Bergmann, Der Uliraschall (Zurich, 1949), fifth edition. 


cycles per second. It would not be unreasonable to 
surmise that a vibrational heat capacity relaxation 
occurs near this frequency. Or, in view of the fact that 
the existence of a trimer or a tetramer in acetic acid 
vapor has been reported by some investigators,” it may 
be that this second relaxation process is caused by the 
presence of an equilibrium involving a higher polymer. 
Again, this could be investigated by making absorption 
measurements on solutions of acetic acid in an inert 
solvent. 


Propionic Acid 


Similar calculations can be carried out with the data 
of Lamb and Huddart?’ for the absorption of propionic 
acid. In order to find Cy, the equation Cy°= (Cp°)?/ 
[Cp°+c?T é ] is employed (instead of Cp°/cy°=87°/Bs°, 
which was used in the case of acetic acid). Here, 
Cp® and Cy® are the equilibrium heat capacities at con- 
stant pressure and volume of one gram of acid; e is the 


26 For example, see H. L. Ritter and J. H. Simons, J. Am. Chem. 
Soc. 67, 757 (1945) (tetramer) ; or E. W. Johnson and L. K. Nash, 
ibid. 72, 547 (1950) (trimer). 

27 J. Lamb and J. Huddart, Trans. Faraday Soc. 46, 540 (1950). 
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coefficient of thermal expansion; and ¢p is the velocity 
of sound at very low frequency. The data used are 
listed in Table IV. In the computations C p® and Cy" are 
taken as the heat capacities of 148.2 g of acid. The 
remaining part of the calculation is the same as for 
acetic acid, and leads to the result that Kwy(281.2°) 
= 3.040 10°, and AH= —9.33 kcal/mole. The values 
of uw, calculated with the aid of these constants are 
compared with Lamb and Huddart’s data in Table V, 
which also contains the values found for U and k,. The 
calculated activation energy for the dissociation is 13,2 
kcal. The calculated value for AH of the vapor phase 
reaction is — 17.2 kcal/mole if the dielectric constant of 


TABLE V. Results of calculations for propionic acid. 








Specific 
rate const. 
for dissn.> 

kp X10 

(sec™) 


Mole frac- 
tion equil. 
constant 
Kn X10 


30.40 

14.54 
8.680 
5.262 
3.318 


Gross reac- 
Max. abs. coef. tion rate 


per wavelength U X1074 
Obs* Cale (mole/liter) 


0.0107 0.0108 3.03 
0.0134 0.0136 8.67 
0.0154 0.0155 18.1 
0.0178 0.0178 34.8 
0.0201 0.0199 67.2 


T (°K) 


281.2 
294.2 
304.2 
314.2 
324.2 











* See reference 27. 
b Assuming first-order mechanism for the dissociation. 


propionic acid is taken to be 3.2. This is in fair agree- 


ment with the measured value at 433°, —15.2 kcal/ 
mole.”® 
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In a reacting (one-phase, one-reaction) system close to equilibrium, each variable (for example, com- 
position, volume, temperature) approaches its equilibrium value at a rate proportional to its displacement 
from equilibrium. All the first-order rate constants in a particular state are identical. One can therefore 
characterize any system at equilibrium by a single relaxation time. When the relaxation of a chemical reac- 
tion gives rise to absorption and dispersion of sound, the thermal and dilatational contributions to the relaxa- 
tional compressibility are necessarily in phase with each other and with the chemical reaction. A known but 
hitherto limited equation for the propagation of sound has been generalized to combine all such contributions 
for any system, irrespective of reaction mechanism, so that the propagation of sound may be described in 
terms of the instantaneous compressibility, the static compressibility, and the relaxation time. The relaxa- 
tion time is a rather simple function of composition, temperature, and the rate laws for the forward and re- 
verse reactions; it can be expressed for any postulated pair of rate laws. Therefore, measurement of the 
relaxation time of a (single) chemical reaction at different equilibrium compositions and temperatures yields 
kinetic information. The relationships derived here may be applied under certain conditions to acoustic 


studies of very fast reactions 





I. INTRODUCTION 


EASUREMENTS of reaction rates of reversible 
reactions close to equilibrium yield information 
about the kinetics of the forward and reverse reactions 
and may be especially useful for investigating reactions 
that are too fast to be followed by conventional methods. 
This study, an extension of an earlier one on this sub- 
ject,| deals with methods for measuring such reaction 
rates, the emphasis being on sound absorption and 
dispersion. 

Acoustic absorption and dispersion effects resulting 
from relaxation of equilibrium systems are well recog- 
nized.? The field has been critically reviewed by Mark- 
ham, Beyer, and Lindsay.’ The specific problem of the 
application of acoustic methods to kinetics has been 
discussed by Damkohler.”* In addition, reaction kinetics 
have been taken into account by several authors”? who 
have ascribed ultrasonic absorption maxima to the 
perturbation of chemical equilibria. A preliminary re- 
port on the relaxation time of equilibrium systems as 
related to ultrasonic absorption and reaction kinetics 
has been published by the present author.”# 

A number of problems remain: (a) Choice of an equa- 
tion for the propagation of sound in equilibrium systems. 
Several such equations have been derived from different 
points of view and on the basis of different approxima- 
tions. (b) The general case in which the kinetics do not 
necessarily coincide with the Guldberg-Waage mass 
action “law.” (c) The general case in which chemical 


*Now with Koppers Company, Inc., Pittsburgh, Pennsylvania. 

‘Manes, Hofer, and Weller, J. Chem. Phys. 18, 1355 (1950). 

*See, for example, (a) A. Einstein, Sitzber. preuss. Akad. 
Wiss. 380 (1920). (b) E. Bauer, Proc. Phys. Soc. (London) 62A, 
141 (1949). (c) G. Damkohler, Z. Elektrochem. 48, 62, 116 (1942). 
d) E, Freedman, J. Chem. Phys. 19, 1318 (1951). (e) D. Tabuchi, 
J. Chem. Soc. Japan, Pure Chem. Sect. 71, 329 (1950). (f) L. 
Liebermann, Phys. Rev. 76, 1520 (1949). (g) M. Manes, J. Chem. 
Phys. 20, 1658 (1952). 
— Beyer, and Lindsay, Revs. Modern Phys. 23, 353 


reaction leads to (isothermal) expansion as well as a 
thermal effect and in which absorption may not neces- 
sarily be small. (d) The validity of using “effective”’ 
values of C, and C,. These problems can be solved, first 
by a phenomenological derivation of an equation which 
relates absorption and dispersion of sound to the relaxa- 
tion time 7 of the chemical reaction, then by relating r 
to the reaction kinetics. Solution of the general case 
makes it possible to estimate the precision of different 
approximations. This paper will be limited to the effect 
of the chemical reaction; shear viscosity and heat capa- 
city relaxation will not be considered. 


II. RELAXATION TIME FOR A REACTION CLOSE 
TO EQUILIBRIUM 


This problem was treated by Liebermann”! who gave 
the equations for relaxation time for two cases but did 
not include a generalized formula. 

It has been shown that, for small displacements from 
equilibrium, . 

r=x-AF, (1) 


where r is the net (observable) rate of reaction, AF is 
the free energy difference per mole of products and 
reactants, and x is a proportionality factor.' This factor 
is determined by the particular state of equilibrium and 
depends on the kinetics of the reaction, on all other 
factors that influence reaction rates, and on the units 
chosen, but it is independent of the manner of dis- 
placement from equilibrium. The factor «x is, therefore, 
characteristic of a given system. 

It will now be shown that the establishment of equi- 
librium is a first-order process. One can write the net 
reaction rate r in terms of the degree of advancement 
é of the reaction, where the unit may be the number of 
moles of any key component. Substitution of dé/dt 
for r in Eq. (1) and multiplication of both sides by 
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d(—AF)/dé yields 
—d \n(—AF) d(—AF) 
=x: =-=k, (2) 
dt dé T 





Near a given state of equilibrium both x and d(— AF)/dé 
are constant and finite, and therefore their product is a 
constant. For a small displacement from equilibrium, 
every variable of a system approaches its equilibrium 
value in a first-order process with the same rate con- 
stant. Let a be any observable variable (for example, 
temperature, volume, pressure, £) that is functionally 
related to the position of equilibrium, and let a* be its 
value at equilibrium. Then AF=0 when (a—a*)=0, 
and, for differential displacements 


—AF=y,q(a—a*), (3) 


where yq is a factor of proportionality for the parameter 
a. Since yq is a constant in the region under discussion, 


d\ln(—AF) —dIn(a—a*) 1 
- = =-. (4) 
dt dt T 





For differential displacements from equilibrium, there- 
fore, the approach of every displaced parameter to its 
equilibrium value is first order in the displacement and 
can be characterized by the same relaxation time r. 
Only the magnitude of 7 depends on the kinetics of the 
equilibrium reaction; the first-order character of the 
decay process is universal for a single-reaction system. 

The a’s may be directly observable (for example, 
pressure), or they may be functions of observable 
variables (for example, AF). However, if a is to be 
measured under constraint, it must be constraint of the 
reaction. For example, adiabatic compressibility and C, 
may be measured in an adiabatic system under a con- 
stant pressure constraint. However, when temperature 
and volume vary as a reaction proceeds, one cannot de- 
fine isothermal compressibility or C, with precision; 
the significance of this point will become apparent 
later. According to Eq. (4), one may determine 7 for a 
chemical reaction by observing, for example, relaxation 
of pressure in a system subjected to a sudden volume 
change, relaxation of volume in a system under a pres- 
sure constraint,® or acoustic phenomena. This type of 
indirect measurement of changes of composition near 
equilibrium is not fundamentally different from similar 
measurements in conventional kinetics. 


III. RELAXATION TIME AND ACOUSTIC EFFECTS 


Having defined the relaxation time for the general 
case, one can now derive an equation for the propaga- 
tion of sound in relaxing systems by extending the ap- 


4 The sign of x is negative. The trivial case is neglected in which 
one of the components is differentially close to zero. The assump- 
tion of only one significant reaction is equivalent to the assump- 
tion that there is only one é. 

5K. P. Coffin and S. H. Bauer, Rev. Sci. Instr. 23, 115 (1952). 
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plication of Hall’s treatment.* He took a phenomeno. 
logical approach using the dynamical, differential stress. 
strain equation for a relaxing system, 


So—S 
dS/dt= +B2(dP/dt) ; (3 


T 


S(=AV/V) is relative compression, 8, instantaneous 
adiabatic compressibility, 8) total or static adiabatic 
compressibility, and BoP =Sp the equilibrium value oj 
compression for a constant pressure P. 

Hall® applied his equation to the restricted case of 
water at its maximum density, where the thermal ex. 
pansion coefficient is zero and, consequently, where the 
compressibility would not be changed by the thermal 
effect of any shift in equilibrium. The adiabatic con- 
pressibility may be written as 


B=xC,/Co, (6) 


where « is the isothermal compressibility. In Hall's 
case, x is complex and C,/C, is real. One can extend 
Hall’s treatment of the case in which C, and C, are 
complex by combining all of the relaxational contribu- 
tions in a single relaxational compressibility. The valid- 
ity of this extension is shown by Eq. (4).” The effects of 
structural and thermal relaxation are additive because 
they are both determined by the relaxation of the 
reaction and are therefore always in phase with the 
reaction. When the instantaneous and static compressi- 
bilities and the relaxation time of a system are known, 
the stresses on an element of volume of the system can 
be described. This suffices to determine the propagation 
of sound in a medium of known density. The extension 
can now be made as follows: Hall’s equation for 4 
harmonic pressure wave, P= Poe**?, where w= 2rv and 
v is the frequency, is 


Bo— Ba n 
s=pP= (Bet 1 )e. ( 
1+iwr 


One may express the (complex) velocity of sound it 
terms of the density and (complex) compressibility it 
the usual manner and separate the real and imaginary 
parts, 


(8) 





1 Bot Buw*r* 
Lgl 


twtB, 
| 1+??? 1+w??r? 
where 8,= (89—{.) is the relaxational compressibility, 
the density, and I the (complex) velocity. For a plane 
wave, 


exp[iw(t—x/c)—ax]=exp[iw((—«/T)], 


where c is the actual velocity, a the (amplitude) ab- 

sorption coefficient per cm, and « the distance in cm. Tht 

(amplitude) absorption coefficient per wavelength 
6 L. Hall, Phys. Rev. 73, 775 (1948). 


7I am indebted to Dr. E. Freedman for pointing out the nece* 
sity for justifying the extension of Hall’s equation. 





faneous 
liabatic 
alue of 
case of 
mal ex- 
ere the 
hermal 
ic com- 


(6) 


Hall’s 
extend 
Cy are 
ntribu- 
2 valid- 
fects of 
ECAUsE 
of the 
ith the 
1pressi- 
known, 
em call 
igation 
tension 
| for a 
rv and 


() 
und in 
ility in 
ginary 


(8) 


ility, p 
, plane 


KINETIC AND ACOUSTIC PHENOMENA, 


will also be used, u(=aA). Equation (9) shows that 
1/T'= (1/c)— (ia/w). (10) 
Squaring both sides of Eq. (10) and introducing Eq. (8), 


} one obtains 





ee 


iwt (Bo— Bo) 11 
1+-w??? | (4) 


1+w??? 


The imaginary components are then equated, 


we 1 
a= —“im(—), 
2 ie 


1 (Bo—Buo)wr 
b= -r¢Im(—) = rpc>—_. 
I? 1+??? 


(12) 


(13) 


For small values of absorption, c*? is approximately 
equal to co? or c.”. In this case the absorption maximum 
occurs at wr= 1. However, one may solve explicitly for 
@. On equating the real components of Eq. (11) and 
using the calculated value for a, one finds 


2 
~ RALR + (Im) } 


where R=R(1/T?) is the real part of (1/T?) and 
Im=Im(1/T?) is the imaginary part of (1/T?). Substi- 
tution for c? in Eq. (13) gives the desired general result. 

The mechanism of the relaxation process can now be 
represented in a rather simple manner, and the general 
expression for absorption can be simplified. First, from 
Eq. (11), 


B=Bo+ (1—wwr) =8.+8,". 


ie 272 


2 





(14) 


. (15) 


® 


Equation (15) shows two components of compressi- 
bility, instantaneous compressibility 8,. and the com- 
plex contribution 8,* of the relaxational compressi- 
bility. The resolution of these components and the 
phase relationships between pressure, the reaction and 
its contributions, and compressibility are shown in 
Fig. 1. Here, 0 represents the origin and X and iY 
are the real and imaginary axes. The distance (OP) 
equals 8, on the X axis. The diameter of the circle 
passing through P equals 8,, and its center lies on the 
X axis. A line from P at an angle ¢ (where 0< |¢| <2/2) 
intersects the circle at some point 7. The points O and T 
are connected, and (TR) is perpendicular to the X axis. 
If ¢=tan—“(—wr), then (PR)=8,/(1+*r") (the real 
part of B,*), (TR)=—iwrB,/(1+w*7?) (the imaginary 
part of 8,*), (PT)=86,*, and (OT)=8. The compressi- 
bility of the medium (and therefore the compression) 
lags behind the imposed pressure by the phase angle y. 
The contribution of the reaction (and therefore the 


| Teaction itself) lags behind the imposed pressure by 
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the phase angle ¢. The dependence on wr of the com- 
pressibility may be seen by moving 7 on the circle from 
P to Q. At wr=~, the reaction lags 90° behind the 
pressure (which is in phase with ,,) but is infinitesimal. 
At wr=1, the imaginary component is at a maximum 
and the real part of the compressibility is at a point of 
inflection. Finally, as wr approaches 0, the compressi- 
bility approaches 8. A similar representation for tem- 
perature would show, in general, the same phase angle 
¢, but a different value for the analog of y. This situa- 
tion has complicated attempts to apply quasi-thermo- 
dynamic methods to the case where y is not small.* 
Figure 1 also helps to interpret the assumption of 
“adiabatic” compressibility, i.e., to resolve the ap- 
parent contradiction that each element of volume is in 
thermal isolation yet dissipates energy. Part of the 
heat that is liberated during compression cannot be 
absorbed during rarefaction because of the phase rela- 
tionships. The assumption of an “adiabatic” process 
requires only that all of the remainder of the evolved 











Fic. 1. Relationships between real and imaginary components 
of the complex compressibility. The phase angle ¢ represents the 
lag of the reaction behind the imposed pressure. The phase angle 
y represents the lag of the compression (AV/V) behind the im- 
posed pressure. 


heat (corresponding roughly to the “real” part of the 
compression energy) be conserved. Figure 1 makes it 
possible to express Eq. (13) as 
2m siny siny 


f+cop 1 seah/2)" 





where the trigonometric functions of ¥ are given by 
Eq. (11). 

Equation (16) holds for all values of the absorption 
coefficient. Moreover, it holds for all fluid systems, 
whether ideal or not, as long as one has a proper value 
for Bo and 8... The difficulty of describing such systems 
is reduced to the problem of determining these param- 
eters. Furthermore, Eq. (16) allows a precise estimate 
to be made of the errors involved in various simplifying 
assumptions. 

The definitions of Bo and 8. are Bo=Ko(C,°/C,°) and 
Boo = Ka (C,°/C,”). The equilibrium and instantaneous 
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values are written as 


1/0V 
—H8),, 
VA\OP/ 7 


wm (5). (ae) |, 

E E ° 
co=(B) , cmere(2) (F) ag 
cr=(=) ” cr+(=), ie 7); 


where the values of H and E refer to the system as a 
whole, and the superscript on £ emphasizes that its 
equilibrium value is specified. In principle, at least, the 
instantaneous and static compressibilities can be de- 
termined for any system if the thermodynamics of the 
system are sufficiently well known. The partial deriva- 
tives 0V/dt, JE/dt, and 0H/dé are simply AV, AEF, 
and AH for the reaction.® The other partial derivatives 
may be determined by considering the variation of the 
position of equilibrium. In the general case, 


aA+bB+ ---=—mM+nN-+-::: (20) 
The product II is defined as 
= (Q)1(R)":-- (A)-*(B)*-- -, (21) 


and II=K at equilibrium, K being the equilibrium 
constant. There are a number of ways of expressing II, 
depending on the meaning one attaches to the letters 
in parentheses; one can use II,, II., Iv, or I,, depend- 
ing on whether partial pressures, concentrations, mole 
fractions, or moles are used. In the simplest case, that 
of an ideal gas reaction, 











dé AV d InIl, 

(8) 8 /() a 
Op/r RT d— / 1p 

0g AH é InII, 
(m/e), 
0T/, RT dE J 1,y 

C) AE é InII, 
CwG).. 
OT/y RT dE Sy,r 


and 


é InII, dinll, [@ ¢ 
( ) on -[—+---+54--f (25) 
0g VT dé na ng 


S dinll, (An)? 
ase, & nu” 


8 Strictly speaking, these are measured at equilibrium rather 
than at the standard states. However, the nonideal case will not 
be considered any further; therefore this point is of no further 











(26) 





concern. 
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where An=(qg+r+-:--)—(a+b+---), and 2 is the 
total number of moles in the system. For a reaction 
with negligible volume change, II, may be replaced 
simply by II. 

In the following, some of the methods are considered 
which have been used, either explicitly or implicitly, to 
derive equations for the propagation of sound, and the 
results of these methods are compared with Eggs. (13) 
and (16). One approach” is to start with the adiabatic 
compressibility, 


B=«C,/Cp, (6) 


which, together with the density, determines the rate of 
propagation of sound. Equation (6) is correct both for 
“frozen” and equilibrium values of the variables, since 
they can be defined under both conditions. Now one 
defines a complex “effective” value of 8, as 











C, et 
Bett = Kelff (27) 
Cf 
where 
: : C,°-C,” 
C=C, , etc. (28) 
I+iwr 


“Effective” values of C,, Cp, and x may be written 
directly,”‘ or they may be derived on the basis of certain 
approximations.”° If x is assumed to have no relaxa- 
tional component, one considers the relaxation only of 
C, and C,. This sort of treatment leads to an inconsis- 
tency. If one considers 8 to be complex, then the 
“effective” value is 


Bo— Bu 


Ider 


eff = B+ (29) 





However, if one resolves this quantity into two factors, 
say C, and C,, and writes “effective” values for each 
factor, then the result is not the same as Eqs. (27) and 
(28). Clearly, both ways of defining “effective” values 
of 8 cannot be correct. The definition of 6 from the 
equation of Hall follows logically from the differential 
equation and is therefore less arbitrary than breaking a 
complex quantity into “effective” values. Moreover, 8 
is the ratio between two quantities, condensation and 
pressure, which, in principle, are observable. There is 
some question, on the other hand, as to the meaning of 
C, and C, in a reacting system which is neither at con- 
stant pressure nor at constant volume. One may antici- 
pate, however, that the error inherent in “effective” 
values is small for small values of the absorption. In 
case there is no volume relaxation, one gets, following 
the method of E. Bauer, Damkohler, or Liebermann, 


1 C,eff 
—= pK 


2 eff. 
I Cc. 


9E. Freedman, thesis, Cornell University, Ithaca, New York 
(1952). See also J. Chem. Phys., this issue. 
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By applying Eqs. (30), (12), and (28) and assuming 
further that C,°—C,”=C,°—C,*, one obtains 


2 C9 (C,°—C,z*) (C°—C," Jor 





p= — (31) 
cP CP (Cy)8+ (Cpu)? 
The same assumptions applied to Eq. (13) yield 
é C8 (C,{—C,.*)(Cf—Cer 
santtiie oe P Pp . (32) 





oF CY C,°C,°(1+-*7") 

The difference between the two equations disappears as 
C,! approaches C,”. Equation (31) is identical with the 
one derived independently by Freedman,’ since his 
wD/U is identical with wr. For the small values of the 
absorption coefficient which he observed, the difference 
between the approximate equation and the general one 
is not significant. 

When the thermodynamics of a system are known, 
its relaxation time can be determined from the position 
of the absorption maximum by using Eq. (16). For 
small absorption coefficients, the frequency of maximum 
absorption immediately yields the relaxation time, even 
without further knowledge of the thermodynamics, 
since in this case wr~ 1. 


IV. RELAXATION TIME AND KINETICS 


One can relate relaxation time directly to reaction 
kinetics for a wide variety of rate laws, although not 
necessarily for the most general case. For the reaction 


aA+bB+---—mM+nN+-:--, 


the rate laws for the forward and reverse reactions are 
assumed to be 





4 rj=Gy,L(A), (B), gi? -(M), (N)- 7 -] (33) 
an 
ro=GiL(A), (B), ---(M), (V)--+]. (34) 
One may assume that 
G; kf (A)*(B)?--+ 7 k 
“HHS — |. with —=K+, (35) 
Gy kl (M)™(N)"--- b 


where z has any positive value.'"! These assumptions 
cover a wide range of rate laws and do not invoke the 
Guldberg-Waage mass-action “law.’? For most simple 





“E. Freedman first published an equation (reference 2a) which 
can now be considered as a special case of Eq. (31). Some time later, 
this writer derived Eq. (31) and attempted to apply it to Freedman’s 
case, but did not find complete agreement. Correspondence with 
Dr. Freedman revealed that an error in the published equation 
has since been corrected, and that he had meanwhile also derived 
the equation for the more general case. Although the two deriva- 
tions are not identical, they are equivalent. 

" Relations between Gy and G; for the general case have been 
worked out by Hollingsworth, J. Chem. Phys. 20, 921 (1952). 

" Strictly speaking, the terms in parentheses in Eq. (35) should 
denote activities or fugacities. If the activity coefficients are 
assumed to be unity, these terms may represent partial pressures 
or mole fractions or, only approximately, concentrations. 
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cases the rate laws are postulated so that z is unity, 
although one cannot, in principle, determine its value 
except by measurements far from equilibrium. Near 
equilibrium, for the cases under discussion! 








r=r;—1,=17;(—AF/RT). (36) 
Substituting r=dé/dt into Eq. (36) gives 
—d\n(—AF) r; d(AQF) d In(II/K) 
ee 3 ) 
dt RT dé dé 
or 
1 d \nIl 
—=2Z'Prz° ’ (38) 
T dé 


where r,; and é are defined consistently with each other. 
For example, if r; is defined in terms of concentration 
change per unit time, £ is defined in terms of the con- 
centration of a key component. 

One can now combine Eqs. (33) and (38) to express 
r in terms of any postulated pair of rate laws. For 
example, for the system AB, where the reaction is 
assumed to be first order in both directions, one obtains 
T= (ky +h,).® For the system 2A—Ao, assuming the 
forward reaction to be of second order and the reverse re- 
action to be of first order, one obtains r=[[k,+4n4k; }"3 
One can easily express r for more complicated systems 
by using Eqs. (33) and (38). 

If z is constant, then the relationship between 7 and 
r; is independent of the rate law, depending rather on 
the thermodynamics of the reaction. For a known reac- 
tion, each determination of the relaxation time (for 
small absorptions, each determination of the frequency 
at maximum absorption) determines the corresponding 
value of r;. Measurements of r,; at different composi- 
tions and temperatures may be used to determine the 
rate law and the temperature dependence of the rate 
constants.! Therefore, the frequency of maximum ab- 
sorption under different conditions determines the re- 
action kinetics except for the magnitude of z. 

If one had some method of identifying a given ab- 
sorption maximum with relaxation of a given reaction, 
then one would not need to know the magnitude of the 
absorption coefficient. However, in the absence of such 
a method the dependence of the intensity of maximum 
absorption on composition may be used to identify an 
absorption maximum with the corresponding reaction, 
provided that the equilibrium constant and the com- 
position are known. For example, in the case of a reac- 
tion in which absorption is small, one can write, to a 
good approximation, 


Bo—Bex Ko— Ka C,°-—C,” C,°-—C,* 
= + . 
Bu Ka Cc C* 


Each of the terms on the right side of this equation and, 
therefore, the relaxational compressibility are propor- 
tional to (dé/d InII), either exactly or nearly so. For 





(39) 
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small absorption Eq. (13) can be reduced to the pro- 
portionality 


Hm © 


dé a PF ¢ ie 
«| 4—4- +2 4...| . (40) 
d \nII 


NA NB nNQ 


One can thus identify an absorption maximum with a 
reaction of known equilibrium constant by measuring 
the relative intensities of maximum absorption at 
judiciously chosen compositions and a fixed tempera- 
ture. If, in addition, the temperature dependence of 
the equilibrium constant and the absolute magnitude of 
the absorption are known, the identification is even 
more positive. 

The applicability of absorption measurements to the 
study of kinetics is limited to cases in which absorption 
maxima are experimentally accessible and in which K 
is neither too large nor too small, i.e., where significant 
amounts of all of the components are present at equi- 
librium. As one component disappears, dé/d InII be- 
comes vanishingly small, hence the intensity of absorp- 
tion disappears. Furthermore, absorption due to other 
causes must not be too large. These problems are dis- 
cussed in some detail by Freedman.’ However, there are 
undoubtedly some reactions whose kinetics can be 
studied by no other method and to which the ultrasonic 
method may be applied with a very high degree of- 
accuracy. For example, it should be possible to measure 
the kinetic effects of neutral salts on equilibria involving 
relatively unstable complexes. 


V. EFFECT OF TEMPERATURE ON RELAXATION TIME 
IN SYSTEMS OF PREDETERMINED COMPOSITION 


Systems of predetermined composition are not usually 
met with in kinetics. However, this condition exists in 
associated liquids which have been investigated by 
means of ultrasonics. According to Eq. (38) and if 
z=1, the relaxation time may be considered to consist 
of two factors, the actual equilibration rate ry and the 
“sensitivity factor” dInII/d~, which determines the 
effect on the equilibrium of a certain amount of reac- 
tion. The further the equilibrium is shifted in one direc- 
tion, the larger the value of d InII/dé. If the rate of the 
forward reaction is rs=k;-G,[(A)---(Q)--- ], that is, 
if there is one rate constant for the forward reaction, 


then 
—dinr dlink; dlnG; d d \nII 
BF cor 
dé 


H/T) a/T) da/T) d/T) 





The effect of a change of temperature on relaxation 
time can therefore be considered as threefold: The 
effect on the rate constant k; (which follows the 
Arrhenius law), and the effect of the composition 
change (resulting from the shift of equilibrium) on the 
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rate function G; and on the sensitivity factor. The 
effect of G; depends on the rate law and on the magni- 
tude and temperature dependence of the equilibrium 
constant K; the effect on the sensitivity factor is, in 
general, a function only of the magnitude and tempera- 
ture dependence of K. The dependence of the last two 
factors on 1/T is linear when one component is present 
in only small quantities (for small and large values of K) 
and nonlinear for values of K of the order of unity. It 
follows that a plot of logy as a function of 1/T is 
linear only when K>>1 or K<1. In these cases, some 
multiple or fraction of AH for the reaction must be 
added to or subtracted from the apparent activation 
energy to give the activation energy for the rate con- 
stant. For example, for a reaction that is first order in 
both directions, r= (k;+,)— and therefore 


—dinr dIn(ky+h) 
d(1/T)  d(1/T) — 





(42) 
In this case, 
—d Int E f 


<— where kp>k», K>>1 


~ (43) 
d(1/T) R 


an 


—dlnr Ey 
——>—— = — E;— AH where k<«k,, KK1. (44) 
d(1/T) R 


An Arrhenius-type plot of vy over a large temperature 
range, including the temperature region where K~1, 
consists of two linear portions, differing in slope by 
AH/R, and a transition region at K=1. Published data 
on the ultrasonic absorption of acetic acid! fit an Ar- 
rhenius-type plot very well and should therefore be 
characteristic of a system in which one component is 
present at a relatively low concentration. Freedman’s 
analysis of their data shows this to be the case, the rela- 
tive amount of dimer molecules being of the order of 95 
percent. Freedman treated a problem which is in- 
herently more difficult than those mentioned in this 
paper, since he determined K and AH for a reaction 
which is not well known. The accuracy of his calcu- 
lated values depends on the accuracy of the absolute 
magnitudes of the absorption coefficients. When the 
equilibrium data must be determined by ultrasonic 
measurements and when one can reach a temperature 
range where K&1, the transition region in the Ar- 
rhenius plot of vz may serve as an added check on the 
calculated values of K. 
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The reaction of cyclobutane with Hg 6(?P:) atoms has been studied in a static system at 30.10+-0.01°C, 
over the pressure range from 2-250 mm. The primary products of the reaction are hydrogen, n-butyl- 
cyclobutane, and a saturated CsH,, product which is assumed, from kinetic and mass spectral evidence, 
to be cyclobutylcyclobutane. In addition, prolonged exposure produced a saturated C;2H22 product which 
is probably a dicyclobutylbutane. 

The quantum yields of pressure decrease (fp) hydrogen formation (¢H2) and cyclobutane consumption 
(¢c) all reach constant maximum values at cyclobutane pressures greater than approximately 100 mm. 
These values are ¢¢=0.53, ¢H2=0.10, and ¢p=0.16. From the simple stoichiometry of the reaction the 
quantum yields of -butylcyclobutane (¢pc) and cyclobutylcyclobutane (¢C2) formation were calculated. 
From the data ¢gc=0.16 and ¢c2=0.10. 

The following mechanism was found to be consistent with the observed characteristics of the reaction: 


cyclo CsHs+Hg 6(°P1)—cyclo CsH;+H+Hg 6('S), 
H-+cyclo CsHs—cyclo C,H7+He, 
2 cyclo C,H;—dicyclo CsHi4, 
2 cyclo CsH;—cyclo CsHuu, 
H-+cyclo CsHis-cyclo CsHis, 
cyclo CsHis+cyclo CsHs—cyclo CsH7+cyclo CsHie, 


where dicyclo CsHi,4 represents cyclobutylcyclobutane; cyclo CsH4, cyclobutylbutene; cyclo CsHis, cyclo- 
butylbutyl radicals; and CsHi¢, m-butylcyclobutane. The cyclobutylbutene is considered as an intermediate 


in the formation of the stable m-butylcyclobutane product. 





INTRODUCTION 


N a comparative study of the relationship between 
structure and reactivity in the reactions of the 

cycloparaffins with Hg 6(P;) atoms, cyclobutane occu- 
pies a particularly significant role. Thus, in cyclo- 
propane'~* the ring undergoes decomposition, with the 
resulting radicals stabilizing themselves by the forma- 
tion of a complex polymer. On the other hand, cyclo- 
pentane,*> methylcyclopentane,® and cyclohexane’ are 
all essentially paraffinic in their reactions, in that the 
primary processes involve C—H bond rupture almost 
exclusively. Relatively little ring cleavage seems to 
occur either in the primary process or in subsequent 
secondary reactions. 

The present investigation on cyclobutane was under- 
taken as part of a systematic study of the mercury- 
6(*P,) photosensitized reactions of the cycloparaffins, 
designed to gain insight into the kinetics of cycloalkyl 


*This work was supported by the U. S. Atomic Energy Com- 
mission. 

tPart of a dissertation submitted by one of the authors 
(D.L.K.) in partial fulfillment of the requirements for the Ph.D. 
degree at Illinois Institute of Technology. 

"H. E. Gunning and E. W. R. Steacie, J. Chem. Phys. 17, 
351 (1949), 
i950) J. Scott and H. E. Gunning, J. Phys. Chem. 56, 156 
*Ford, Mori, and Gunning (unpublished work). 
assy Kantro, and Gunning, J. Am. Chem. Soc. 72, 3588 
(1950). 

*Beck, Kniebes, and Gunning (unpublished work). 
Asst) Schlochauer and H. E. Gunning, J. Chem. Phys. 19, 474 


"Beck, Kniebes, and Gunning, paper presented at the 122nd 
Meeting of the American Chemical Society, September, 1952. 


radical reactions in the gas phase. The details of the 
investigation follow. 


EXPERIMENTAL 


Kinetic studies on cyclobutane are hampered by the 
fact that neither cyclobutane nor any of its derivative 
hydrocarbons is available commercially. A more serious 
difficulty, however, is the paucity of data on these 
compounds. Thus cyclobutylcyclobutane, an expected 
product in the present investigation, since it is the 
recombination product of cyclobutyl radicals, has not 
yet been synthesized. Consequently, the identification 
of the products of the reaction constituted one of the 
major obstacles to be surmounted. 


Synthesis of Cyclobutane 


A number of syntheses of cyclobutane were attempted 
in the course of this investigation. For the data re- 
ported here the cyclobutane used was prepared by 
synthesizing cyclobutanone and reducing the ketone to 
the hydrocarbon. Only a brief outline of the synthesis 
will be given. 

The cyclobutanone was prepared by the reaction of 
ketene with diazomethane.*® Diazomethane was ob- 
tained from methylurea by standard procedures.” 
Ketene was prepared by passing acetone over an in- 
candescent platinum filament. The ketene gas was 
washed by bubbling through four decalin-filled traps. 


8 P. Lipp and R. Koester, Ber. deut. chem. Ges. 64, 2823 (1931). 

* Lipp, Buchkremer, and Seeles, Ann. phys. 499, 1 (1932). 

1 A. H. Blatt (Editor), Organic Syntheses (John Wiley and Sons, 
Inc., New York, 1943), Vol. IT, pp. 165-167, 461-464. 
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TABLE I. Rates and quantum yields of pressure decrease 
vs initial pressure of cyclobutane. 








—dn/dt 





moles/min X 108 
Po Ia =5.85 X1076 Ja =8.58 X10-6 
mm einstein/min einstein/min oP 
2.50 0.54 0.09; 
10.70 0.90 0.11 
25.20 1.31 0.15 
28.55 1.39 0.16 
42.35 1.07 0.18 
51.00 0.95 0.16 
51.95 0.95 0.16 
63.05 1.56 0.18 
70.00 0.94 0.16 
95.05 1.06 0.18 
103.45 1.39 0.16 
120.85 0.96 0.16 
123.00 0.98 0.17 
133.40 1.41 0.16 
142.80 1.02 0.17 
147.65 1.03 0.17 
150.80 1.35 0.16 
160.35 0.91 0.16 
160.75 1.02 0.17 
166.60 1.30 0.15 
170.90 1.39 0.16 
184.85 0.92 0.16 
192.50 1.34 0.16 
198.60 1.17 0.14 
219.45 1.33 0.16 
235.25 1.47 0.17 
235.80 1.41 0.16 
245.60 0.94 0.16 








The ketene gas was fed into an ethereal solution of the 
diazomethane, maintained at — 25°C. Upon flashing off 
the ether, the cyclobutanone was purified by distillation 
in a miniature Podbielniak Hypercal column. The 
purified ketone had a bp of 95.7-95.9°C at 750 mm. 
A semicarbazone was prepared"! which gave a melting 
point of 203-204°C in agreement with reported values.° 
The purified cyclobutanone obtained represented a 65 
percent yield, based on .V nitrosomethy] urea. 

The cyclobutane was prepared from the purified 
cyclobutanone by the method of Roberts and Sauer,” 
using hydrazine hydrate as the reducing agent. The 
cyclobutane gas, evolved from the reaction mixture, 
was passed through a condenser, three concentrated 
sulfuric acid bubblers, and a phosphorus pentoxide tube, 
before being condensed with liquid nitrogen in a trap 
in the vacuum system. A 70 percent yield of cyclobutane 
was obtained. A sample of this cyclobutane was sent to 
the National Bureau of Standards for mass spectro- 
metric analysis. The analysis gave 92 percent cyclo- 
butane, with the remainder consisting of n-butane, 
pentenes, -pentane, and n-hexane. 

" R. L. Shriner and R. C. Fuson, The Systematic Identification 
of Organic Compounds (John Wiley and Sons, Inc., New York, 
1948), third edition, pp. 170-171, 262. 


2 J. D. Roberts and C. W. Sauer, J. Am. Chem, Soc. 71, 3925 
(1949), 
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The crude cyclobutane was purified by careful frac- 
tionation on the Hypercal column, modified for low- 
temperature distillations. The middle fraction boiling 
in the range 11.8-12.0°C at 748 mm was retained. 
A sample of the vapor in equilibrium with this liquid 
at —78°C was analyzed for us on a Consolidated mass 
spectrometer by Dr. R. B. Bernstein of this department. 
The analysis gave cyclobutane 97.5 percent, n-butane 
2.5 percent. Correction for the higher volatility of 
n-butane gave cyclobutane 99 percent, -butane 1 per- 
cent, for the composition of the liquid. This material 
was used in obtaining the data reported here. 


Synthesis of n-Butylcyclobutane 


Since mass spectral data on the reaction products 
strongly suggested that n-butylcyclobutane might bea 
product of the reaction, an independent synthesis of 
this compound was undertaken. Since no new tech- 
niques are involved, the synthesis will only be briefly 
noted here. Cyclobutane-carboxy] chloride, prepared by 
the action of thionyl chloride on the corresponding 
acid, was converted to -propy! cyclobuty] ketone with 
di-n-propyl cadmium, by a method analogous to the 
one used by Pinson and Friess® in the preparation of 
methylcyclobutyl ketone. The ketone was reduced to 
the desired product by the Huang-Minlon modification 
of the Wolff-Kishner reduction.” Dr. C. E. Boord and 
Dr. J. M. Derfer, Department of Chemistry, The Ohio 
State University, very obligingly supplied us with the 
infrared absorption data on pure n-butylcyclobutane. 
Since 0.6 g of the hydrocarbon was prepared only 
simple microdistillation was used in purification. Infra- 
red and mass spectral data showed a minimum purity 
of 90 percent for our sample. 








The Reaction System 





As in the previous studies in this series, the mercury- 
6(?P1) photosensitized decomposition of cyclobutane 
was carried out at a temperature close to 30°C, ina 
static system. For a general description of the experi- 
mental technique, reference should be made to earlier 
publications.®!® 

The cylindrical, fused-quartz reaction cell was 10 cm 
long and 5 cm in diameter, with flat, polished quartz 
windows at each end. The cell was connected to the 
vacuum system via a 14/35 standard taper, with 
Sealstix cement. 

The cell was maintained at 30.10+0.01°C in 4 
thermostatically controlled water bath, as in previous 
investigations. The Pearson-type differential manon- 
eter used to measure the pressure changes had an 
amplification factor of one hundred. ; 

The source of 2537A radiation was a Hanovia Sc-253 


18R, Pinson, Jr., and S. L. Friess, J. Am. Chem. Soc. 72, 5333 
(1950). 

4 Huang-Minlon, J. Am. Chem. Soc. 68, 2487 (1946). 

8G, A, Allen and H. E. Gunning, J. Chem. Phys. 16, 114 
(1948). 
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frac- mercury-in-quartz resonance discharge tube, wound in 32 
low- the form of a 5-coil helix. The lamp was clamped broad- 
diling side to the quartz window of the thermostat. The dis- - 
ined. charge was maintained with a Sola luminous tube ar) 
iquid transformer, stabilized with a Sola constant voltage ™ 
mass transformer. The secondary of the tube transformer 204 
nent. furnished 30 ma at 3000 volts. Z 
itane The 1849A radiation from the lamp was removed by a 
‘y of § interposing a filter of Vycor No. 7910 glass between the uF 
| per- lamp and the cell. The effect of variation in light in- 3 
terial tensity on the quantum yield was determined by 16 
placing a calibrated sulphidized copper screen in the ° 
light path. The screen was calibrated by Mr. C. C. & 
McDonald of this laboratory at 2537A, using a col- wi2 
ducts limated beam of the resonance radiation, the intensity & 
hes of which was monitored with a Westinghouse WL-775 re) 
sis of phototube coupled with a Beckman Ultrohmeter. It + 
tech- was found that for the screen used in this investigation 
riefly the intensity was reduced to 0.324 of its original value. 
ed by As in previous work, the cyclopropane reaction was 
nding used as the actinometer.!'® ' , ; 
with TABLE II. Rate of hydrogen formation as a function oad 20 30 ~~ 60 
o the of initial cyclobutane pressure (Po). TIME, MIN 
on of Fic. 1. Variation of hydrogen yield with time at a cyclobutane 
ed to d(H2J/dt pressure of 98 mm. 
ation moles/min X10 
d and 0.38 showed unequivocally that the gas was at least 99 per- 
Ohio ee cent hydrogen. At constant cyclobutane pressure, the 
h the 0.58 ; plot of moles of hydrogen formed vs time is linear, at 
tane. 0.62 least during the first half hour of reaction, extrapo- 
only lating to the origin, as shown in Fig. 1. The rate of 
Infra- RESULTS hydrogen formation was therefore obtained as the slope 


of these linear isobaric plots. The data for five pressures 

are given in Table II. The quantum yields of hydrogen 
The reaction is pressure-decreasing, attaining a linear formation ou, are also recorded in this table. 

rate of decrease in 10 to 15 minutes of irradiation, as in It is apparent from Table II that the quantum yield 

cyclopentane* and methylcyclopentane.® The linear of hydrogen formation (¢y,) becomes constant at 0.10, 


purity — , . 
, The Variation of Pressure with Time 


rcury- 

utane | “tes of pressure decrease from 2 to 245 mm, expressed within the experimental error, at least at pressures 
: in micromoles per minute, disappearing from the gas }, 100 

, ina ; : ; S above mm. 

xpet phase are given in Table 1. Two independent series of 

aii runs were done at light intensities of 5.85X 10- § and Products Condensable in Liquid Nitrogen 

; 8.5sX 10-* einsteins per minute. It will be noticed that 

10 om the rate of pressure decrease becomes independent of In contrast to the behavior of the other cycloparaffins, . 

quartz pressure beyond approximately 35 mm. In this respect @ liquid was not observed to condense on the incident 

> oe cyclobutane resembles cyclopropane.! In the last column _ Window of the reaction cell during irradiation. However, 
with of Table I the quantum yield of pressure decrease is ¢xamuination of the mass spectra of the condensables, 

given. A constant value of 0.16, independent of light obtained on a Consolidated mass spectrometer, Model 

“ intensity, persists throughout the entire complete 21-103, showed the presence of two Cs compounds with 
i quenching region. Using the calibrated screen, the molecular weights of 110 and 112. By comparison with 

— intensity was reduced to 1.90X10- einstein/min. At the mass pattern of the n-butylcyclobutane, synthesized 

— an initial pressure of 46.3 mm, —dn/dt was 0.34X10-* _ for this investigation, it was shown that the heavier Cs 

ad an mole/min; whence ¢p=0.18. Hence it may be con- product was identical with the synthetic compound. 

2531 cluded that the quantum yield of pressure decrease is For reasons to be adduced later, the lighter Cs product 

: independent of light intensity. was assumed to be cyclobutylcyclobutane. No other 

2, 5338 satis condensable products were detected for runs less than 

Products Noncondensable in Liquid Nitrogen one hour in duration. However, it should be noted that 
5, 1146 Repeated analyses of the noncondensables obtained 2- to 4-hour runs produced a saturated C,,H»:2 product 


from runs made over the entire pressure range studied which is assumed to arise from secondary reactions. 
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TABLE III. Runs with added hydrogen at a cyclobutane 
pressure of 52.5 mm. 








Rate of pressure decrease 
moles/min X106 oP 


0.162 
0.11, 
0.12¢ 
0.12; 
0.12; 
0.10; 


Mole fraction 
of hydrogen 


0.0 0.945 
0.06 0.666 
0.20 0.738 
0.44 0.705 
0.59 0.743 
0.82 0.62 











A number of CsHi, isomers were eliminated as 
products by showing that the condensables contained 
no detectable unsaturation in titration with bromine in 
glacial acetic acid.® 


Runs with Added Hydrogen 


Since it was suspected that H atoms were reacting 
hydrogenatively either with the substrate or with the 
cyclobutylcyclobutane, a series of runs was carried out 
in which the partial pressure of cyclobutane was kept 
constant while the mole fraction of added hydrogen 
was varied. The results are shown in Table III. 

It can be seen from Table III that the quantum 
yield of pressure decrease remains substantially un- 
changed with mole fractions of added hydrogen greater 
than 0.06. 


The Mass Spectra of the Condensable Products 


A careful study of the mass spectra of the condensable 
products showed, as previously noted, that -butyl- 
cyclobutane was present together with a CsHi, com- 
pound. Collation of the mass spectra of other known 
cyclobutyl hydrocarbons, coupled with the fact that no 
unsaturation appeared to be present, led to the con- 
clusion that the CsHy, product was cyclobutylcyclo- 
butane. Since this product has not yet been synthesized, 
it was only possible to draw semiquantitative informa- 
tion from the mass spectra. It was concluded that the 
concentration ratio of m-butylcyclobutane to cyclo- 
butylcyclobutane, designated as BC/C2, was propor- 
tional to the ratio of the intensity of mass 69 to 88 
percent of the intensity of mass 67. The data for runs 


TABLE IV. Mass spectral data on the ratio of CsHi¢ 
to CsHi, in the products. 








: Duration 
Mole fraction of run 
of hydrogen min 


Mass 69,7 
7A 0.88 Mass 67 


Total pressure 
m 
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1.44 
0.50 
0.31 
0.54 
0.35 
0.41 
0.30 


2.5 
51.0 
70.0 
70.0 

123.0 
160.4 
245.6 


52.0 
65.9 
92.4 
126.0 


SSoSo coocooc}]e 


SESS 
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with pure cyclobutane and for cyclobutane-hydrogen 
mixtures are shown in Table IV. 

From Table IV it is apparent that the ratio (CsH,,)/ 
(CsHi4), in the runs with pure substrate, decreases 
rapidly with increasing pressure, reaching a fairly con- 
stant value above approximately 120 mm. The two 
runs done at 70 mm indicate in addition that the ratio 
increases with duration of exposure. 

The data on the cyclobutane-hydrogen mixtures in 
Table IV show that the ratio definitely increases with 
increasing quenching of the Hg 6(*P;) atoms by hy- 
drogen. 


The Stoichiometry of the Reaction 


In the mercury 6(°P1) photosensitized decomposition 
of cyclobutane (C), the only primary products would 
appear to be hydrogen, cyclobutylcyclobutane (C.) and 
n-butylcyclobutane (BC). We may therefore represent 
the stoichiometry of the decomposition by the equations 


2C-BC, (1) 
Cr} (2) 


TABLE V. Quantum yield data. 








Cyclobutane — CsHie CsHis 
consumption formation formation 
(¢Bc) (¢¢,) 


0.16 0.07 
0.16 0.09 
0.16 0.10 
0.16 0.10 
0.16 0.11 


Cyclobutane Pressure Hydrogen 
pressure decrease formation 
mm (op) (oH1,) (¢c) 


0.06; 0.45 
0.08; 0.49 
0.105; 0.53 
0.093 0.52 
0.106 0.53 





41 0.16 
98 0.16 
145 0.16 
164 0.16 
215 0.16 








Hence the following relations must apply: 


dc= 2¢pt 26n,, 
oc2= $H.; 
osc= $p. (3) 


The calculated quantum yield data at selected pres- 
sures are presented in Table V. 


DISCUSSION 


In order to facilitate discussion of the stoichiometry 
and mechanism of the reaction, the salient features of 
our findings are summarized below: 


(a) The reaction is pressure decreasing. The quantum 
yield of pressure decrease attains a constant value of 
0.16 at pressures greater than 35 mm. 

(b) The quantum yield is independent of the light 
intensity. 

(c) The primary products of the reaction are hydro- 
gen, n-butylcyclobutane, and a CsH,, compound. Ex- 
tensive decomposition produced in addition a saturated 
Ci2H22 product. 

(d) From the absence of unsaturation in the con- 
densable products, coupled with mass spectral evidence, 
it is concluded that the CsH1, compound must be the 
hitherto unsynthesized cyclobutylcyclobutane. 
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REACTION OF CYCLOBUTANE WITH Hg 6(#P;) ATOMS 


(e) The rate of formation of hydrogen, at constant 
substrate pressure, is independent of time, for at least 
the first half-hour of exposure. 

(f) The quantum yield of hydrogen formation reaches 
a maximum value of 0.10 at substrate pressures greater 
than 120 mm. 

(g) At a constant partial pressure of cyclobutane, 
added hydrogen reduces the quantum yield of pressure 
decrease to a new constant value of 0.12. 

(h) A study of the mass patterns of the Cs products 
indicates that the ratio (CsHis)/(CsHi4) (1) decreases 
rapidly with increasing cyclobutane pressure, reaching 
a constant value at approximately 120 mm, (2) in- 
creases with increasing duration of exposure, (3) in- 
creases with the mole fraction of added hydrogen at a 
constant partial pressure of cyclobutane. 

(i) From the simple stoichiometry of the reaction, 
the quantum yields for substrate disappearance and 
product formation can be calculated. All these quantities 
achieve constant maximum values at cyclobutane pres- 
sures greater than approximately 120 mm. The values 
are $o= 0.53, du, =0.10, dac=0.16, and dc2=0.10. 


In the light of the foregoing facts, and by analogy 
with the reactions of the other cycloparaffins with 
Hg 6(°P;) atoms, the cyclobutane decomposition will 
be discussed in terms of the following mechanism: 


cyclo C,H;+ Hg 6(P1)—cyclo C,H;+H+Hg 6(4So), 
(4) 


H+cyclo CsHs—cyclo CsH;+Ha2, (5) 
2 cyclo CsH;—dicyclo CsHus, 
2 cyclo CsH;—cyclo CsHus, (7) 
H+cyclo CsHis—cyclo CsHis, 


cyclo CsHi;+ cyclo CsHs— cyclo C4H7+cyclo CsHig, 
(9) 


where dicyclo CsHy, represents cyclobutylcyclobutane ; 
cyclo CsHy4, cyclobutylbutene ; cyclo CsHis, cyclobutyl- 
butyl radicals; and cyclo CsHis, »-butylcyclobutane. 
Equations (4), (5), and (6) account for two of the 
major products, hydrogen and cyclobutylcyclobutane. 
In this part of the mechanism, cyclobutane resembles 
the higher cycloparaffins. As an additional product of 
radical recombination, the reactive intermediate, cyclo- 
butylbutene, is postulated in Eq. (7). It is as- 
sumed that the concentration of this olefinic product 
is negligibly small, owing to Eqs. (8) and (9). The 
observed product, u-butylcyclobutane therefore arises 
as a product of hydrogenation of the olefinic inter- 
mediate. Such a postulate is in consonance with the 
fact that cycloalkyl radicals show increasing tendency 
to isomerize with decreasnig ring size. Thus cyclopropyl 
tadicals would appear to isomerize readily to allyl 
tadicals,3-5 whereas cyclopenty] radicals are fairly stable 
under similar conditions. Cyclobuty] radicals should be 
Intermediate in stability between these two. That no 
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direct isomerization of cyclobutyl to butenyl occurs is 
evident by the absence of butane or octanes in the 
products, expected products of the reactions of butenyl 
radicals, in the presence of H atoms and the substrate. 

Steady-state calculations for the complete quench- 
ing region on the above mechanism yield ¢c=2K, 
ou,= K[ks/k; +h], where K represents an inefficiency 
factor in the primary reaction between Hg 6(°P;) and 
cyclobutane. Whence from Table V, K=0.25 and 
k3+ks/k3=6c/26n.= 2.5. Therefore ky/k3=1.5. The 
ratio (cyclo CsHis)/(dicyclo CsH,4) is also equal to 
k4/ks, independent of pressure, in agreement with our 
findings. The increase in the ratio with increasing mole 
fraction of added hydrogen (Table IV) may be evidence 
for the reaction 


H+dicyclo CsHig—cyclo CsHis (7) 


under such high H-atom concentrations. It is pertinent 
to note here that H atoms react rapidly with dicyclo- 
propy! in the mercury plotosensitization of hydrogen- 
dicyclopropyl mixtures.* 

The saturated C:H22 product, which appeared under 
prolonged exposure, could be explained by the addition 
of cyclobutyl radicals to the olefin formed in step (4), 
followed by stabilization of the radical by abstraction 
of an H atom from the substrate. The resulting Cj2H2.» 
product would therefore be either 1,3-dicyclobutylbu- 
tane or 1,4-dicyclobutylbutane. 

The disproportionation of cycloalkyl radicals, so im- 
portant for cyclopentyl and cyclohexyl radicals, may 
well be of importance in the cyclobutane reaction. 
However, since the expected disproportionation prod- 
uct, cyclobutene, was not detected among the products, 
we may conclude either that disproportionation is un- 
important in cyclobutyl radical reactions or that cyclo- 
butene reacts so rapidly with H atoms that the 
stationary-state concentration is negligibly low under 
the conditions of our experiments. 


CONCLUSIONS 


The data obtained in this first investigation of the 
reaction of cyclobutane with Hg 6(*P;) atoms seem to 
be consistent with the assumption that the cyclo- 
paraffins differ one from another in degree not kind. 
Thus all the cycloalkanes appear to undergo C—H 
bond rupture in the primary process. With decreasing 
ring size, two factors become important. These are the 
increasing C—H bond strength of the cycloparaffin and 
the decreasing stability of the cycloalkyl radical. 


ACKNOWLEDGMENTS 


The authors would like to thank Mr. D. V. Kniebes of 
the Institute of Gas Technology for assistance in the 
interpretation of the mass spectral patterns, Dr. R. B. 
Bernstein of this department for assistance in the 
analytical work and for many valuable discussions, and 
Mr. Hadley W. Ford of our laboratory for very helpful 
advice. 

















THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 21, 





A New Determination of the Half-Life of Am’**”; the Problem of Counting 
Short-Lived Activities*} 
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The half-life of Am” has been redetermined to yield a value of 16.01+0.02 hours (99 percent confidence 
level). A simple relationship is developed between experimentally measured average counts/minute and true 











NUMBER 10 OCTOBER, 1953 


dN/dt; a convenient rule of thumb states that there is <0.1 percent error between average disintegration 
rate (finite counting interval) and dN /dt (at the mid-point of the counting interval) when the counting in- 


terval does not exceed 20 percent of the half-life. 





HE americium isotope of mass 241 undergoes 

neutron capture to form Am”, which decays 
~64 percent! by negative beta-particle emission to 
Cm”, The half-life of Am" has been previously 
measured as 16+3 hr? and 15.75+-0.25 hr.’ 

An accurate value was necessary for the study of the 
exchange rate of Am(III)—Am(V) ions in solution 
using Am” as tracer. Nitric acid solutions containing 
1-2ug of pure Am™! (>99 percent purity) were irra- 
diated at a flux of ~5X10" n/cm?/sec in the homo- 
geneous reactor‘ at Los Alamos. Aliquots were pipetted 
onto tantalum disks, ignited to a dull red heat, and 
counted. Duplicate counting results were observed 
whether the active samples were mounted on tantalum 
or platinum. 

The beta particles were collected in a methane-flow 
external chamber which was fitted with a 7.8 mg/cm? 
aluminum window to block out the 5.48-Mev and 6.08- 
Mev alpha particles resulting from unconverted Am**! 
and from Cm daughter. The pulses were fed into a 
PA-2° pulse amplifier and recorded on an SC-3® binary 
scaler which had a factor of 1024. Careful experiments 
on coincidence loss in this counter resulted in an equa- 
tion which was used to correct all counts exceeding 
54000 c/m. During each counting period, time was 
determined to the nearest second by standardizing a 
clock with WWV. 

The decay of the ten samples was followed over a 
total time of 74 to 8 half-lives (> 100 hours). A constant 
background is present because of the gammas from 
unconverted Am*".’7 The samples were allowed to decay 
until this gamma background gave agreement within 

* Presented in part at the 313th meeting of the American 
Physical Society, Washington, D. C., May 1-3, 1952. 

T This work was sponsored by the U. S. Atomic Energy Com- 
mission. 

1 Hanna, Harvey, and Moss, Phys. Rev. 81, 486 (1951). 

2W. M. Manning and L. B. Asprey, The Transuranium Ele- 
ments: Research Papers (McGraw-Hill Book Company, Inc., 
New York, 1949), Paper No. 22.7. National Nuclear Energy 
Series, Plutonium Project Record, Vol. 14B, Div. IV. 

8B. G. Harvey, Chalk River (private communication). 

‘L. D. P. King, AECD-3287. 

5W. G. Rexroth, LA-1239. This and following reference are 
obtainable from Ref. Services Branch, Technical Information 
Service, USAEC, P. O. Box 62, Oak Ridge, Tennessee. 

6 E. L. Kemp, LA-1207. 

7 Asaro, Reynolds, and Perlman, UCRL-1681, Feb. 16, 1952; 


fay Newbon, and Rose, Phys. Rev. 86, 797 (1952); 87, 670 
1952). 
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0.1 percent in two counts taken 24 hours apart. This 
background was then subtracted from all previous 
counts, the resulting data then yielding a straight line 
when activity was plotted against time on semilog 
paper (see Fig. 1). 

The best slope for this straight line was determined by 
the method of least squares and the half-life evaluated 
from the relationship, 


In 2 
(slope) (2.303) 


The mean value of ten samples, which varied from 
15.97 hr to 16.04 hr, yielded a half-life of 16.01-0.02 
hr (standard deviation). Using the “range” method? of 
determining reliability, the standard deviation is also 
0.02 hr. 

Some question arose as to the reliability of the lower 
counting-rate portion of the curve in Fig. 1. It was 
necessary to know whether AN /A/ was an accurate 
measure of dN /dt at mean time (Ai/2) when counting 
periods of 20 minutes were needed to collect 100 000 
total counts. The following treatment was derived to 
clarify this situation. 





I 
From radioactive decay laws, dN/di= —XN. 
(1-648) 
Average counts/min= kN»————-,__ ( 
At 


Actual counts/min at At/2=kAN pe", (2) 


where Vo=atoms initially present and k= instrument 
constant, including geometry. Thus, 


average c/m 1 2 
= —_(¢Mt/2 ¢-r4t/2) — — sinh (\At/2). (3) 








actual c/m AA Al 
(at At/2) 
The series expansion of Eq. (3), 
(AAt)? (AAt)4 
24 1920. 


is identical with that obtained by Schuler.® 


8 R. B. Dean and W. J. Nixon, Anal. Chem. 23(4), 636 (1951). 
®R. H. Schuler, Nucleonics 10, 96 (1952). 
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HALF-LIFE OF Am?42™ 


I 


The problem may be approached by considering that 
there is some fraction ¢ of the counting time (Aé) at 
which the actual c/m is equal to the observed average 
c/m. Equating these two quantities, then, 

(RNo)[ (1—e™*)/ (At) ]=ARN pe". (4) 
Thus, 


1 At ; F 2 
¢=— nf |-;-— in| — sinh nas/2] 
hAt Li-—e™+} 2 rAAt LAA 
1 AAt (AAD)? 
Ss an. 


= —— ——. hes (5) 
2 24 2880 





Equation (5) obviously approaches 3 as the limit as 


At approaches zero. Since the major experimental error 
is associated with the determination of the average c/m 
rather than with time, it is convenient to apply Eq. (3) 
rather than Eq. (5). Indeed, the experimental data do 
not generally warrant application of the correction 
terms of Eq. (3) when AAt is £0.1549 (At= 22.35 
percent of ¢;). 


Ill 


The half-life problem may be formulated as follows 
for two counting periods. 

Let 5N, be the number of atoms decaying during 
0<t<t1; 6Ne2 those during f2<t< ts. Then 


(6N1)/ (6N2)= (1—e™) /(e*#— 4). (6) 


This expression represents an exact solution of the 
problem. If time intervals are chosen so that 4;—t2=¢, 
then Eq. (6) becomes simplified to the form 


5N, 1 


6No ene’ 


s 
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Fic. 1. Typical decay curve of Am*” activity. Solid circles are 
experimental points, open circles are points corrected for gamma 
background. 
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where /2 is the time elapsed between time zero and the 
beginning of the second interval. 
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The Methyl Alcohol Molecule and Its Microwave Spectrum 
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The theory of hindered rotation in methyl alcohol developed by 
Burkhard and Dennison has been extended to include the second- 
order Stark effect as well as a detailed discussion of K-type dou- 
bling. It has been applied to an interpretation of the microwave 
spectrum of normal methanol and of two isotopic molecules, 
C¥H,0"H and C#H;0!%H; recently measured by Hughes, Good, 
and Coles. A very convincing fit between the predicted and ob- 
served lines is obtained which serves to determine many of the 
molecular constants, as well as providing a substantial number of 
self-consistency checks. 

The height of the potential barrier (on the assumption of a 
sinusoidal potential) is found to be 374.8 cm. The CH distance 
in the methyl group cannot be obtained with any accuracy from 
the present data but is consistent with the CH distance in methane, 
namely, 1.093A, and has been taken to have this value. The 
remaining dimensions are, however, well determined and are: 


OH distance=0.937A, CO distance= 1.434A, COH angle= 105°56, 
HCH angle= 109°30’. The symmetry axis of the methyl group 
passes between the H and O of the hydroxyl group and lies at a 
distance of 0.079A from the oxygen. The above values for the 
barrier height and molecular dimensions do not differ much from 
those found by Burkhard and Dennison but are believed to be 
considerably more accurate. 

Using the molecular constants, the positions of all the observed 
microwave lines which can be identified have been calculated. 
In every case the agreement is good. Those discrepancies which 
do exist are of an order of magnitude which can be ascribed to 
higher-order effects not included in the present theory. 

The Stark effect, both first and second order, has been com- 
puted for all identified lines. In all but one or two cases the 
agreement with experiment is found to be very satisfactory. 





INTRODUCTION 


HE present paper is the third in a series!” from 

this laboratory dealing with the theory of hin- 
dered rotation in the methyl alcohol molecule CH;0H 
and with the interpretation of its spectrum. A model of 
the molecule has been assumed which consists of a 
rigid methyl and a rigid hydroxyl group undergoing 


mutual rotation about the symmetry axis of the methyl 
group, subject to a hindering potential of the form 
V=H/2(1—cos3x), where H is the so-called height of 
the potential barrier, and x is the angle measuring the 
relative rotation of one group with respect to the other. 
The advantages and limitations of this model have 
been discussed in the earlier papers. 

The theory as developed by Koehler and Dennison,' 
in the first paper of the series further assumed the 
hydroxyl group to be a symmetric rotator, thus greatly 
simplifying the Hamiltonian of the system and making 
possible exact solutions for the wave functions and the 
energy levels. No appreciable progress could be made 
towards determining the molecular constants, however, 
since at the time it appeared impractical to interpret 
the portions of the infrared spectrum then known. 

The microwave spectrum of methyl alcohol as meas- 
ured by Hershberger and Turkevich,* by Dailey,’ and 
by Coles® furnished new information which was utilized 
by Burkhard and Dennison,’ who further extended the 
theory by considering the hydroxyl group not as a 
symmetric rotator but as an asymmetric rotator, corre- 


* Present address: Department of Physics, University of Texas, 
Austin, Texas. 

1 J. S. Koehler and D. M. Dennison, Phys. Rev. 57, 1006 (1940). 

21D. G. Burkhard and D. M. Dennison, Phys. Rev. 84, 408 
(1951). 

3W. D. Hershberger and J. Turkevich, Phys. Rev. 71, 554 
(1947). 

4B. P. Dailey, Phys. Rev. 72, 84 (1947). 

5D, K, Coles, Phys. Rev. 74, 1194 (1948). 


sponding to the actual situation. They were able to 
evaluate a number of the molecular constants but had 
few, if any, cross checks on the validity of their results. 

A recent paper by Hughes, Coles, and Good® on the 
microwave spectrum of methanol has provided many 
further experimental data which may now be used to 
make a much more precise determination of the mo- 
lecular constants, as well as providing a considerable 
number of cross checks. In general, the agreement be- 
tween the present results and those of Burkhard and 
Dennison is good, although there are some minor 
changes, and there has been a substantial improvement 
in accuracy. The theory of hindered rotation has also 
been extended to take account of certain features of 
the microwave spectrum not originally considered. 


THEORY 
1. Structure of the Energy Levels 


The methods to be employed are essentially those 
used by Burkhard and Dennison and contain the follow- 
ing steps. The simplified model of reference 1, can be 
solved exactly and yields energy levels and wave func- 
tions described by the quantum numbers J, M, K, 1, 
and u. The total angular momentum of the molecule 
(in units of h) is given by J, while K and M represent 
the components of J along the symmetry axis of the 
molecule and along some space fixed axis, respectively. 
n is a quantum number describing the torsional oscilla- 
tion. In the limit of very large values of H, that is, for 
high potential barriers, the energy becomes (7+4)hr, 
where »; is the torsional frequency. The quantum 
number 7 relates to the tunneling of the hydrogen of 
the hydroxyl group from one minimum to another and 


6 Hughes, Good, and Coles, Phys. Rev. 84, 418 (1951). 


1804 





ma) 
the 
thre 
pote 


met 
but 
is V 
Har 
wav 
the 


those 
llow- 
in be 
func- 
K, 1, 
ecule 
esent 
f the 
vely. 
cilla- 
s, for 
: hav, 
atum 
on of 
- and 


MICROWAVE SPECTRUM OF METHYL ALCOHOL 1805 


may take on the values 1, 2, or 3. The magnitude of 
the threefold splitting of the levels, correlated with the 
three values of 7, goes rapidly to zero for a very high 
potential barrier H. 

The wave equation for the model in which the 
methyl group is represented by a symmetric rotator, 
but the hydroxyl group by an asymmetric rotator, 
is very complicated, but the matrix elements of its 
Hamiltonian may be evaluated using as a basis the 
wave functions of the symmetric model. Diagonalizing 
the Hamiltonian yields the energy levels and the wave 





functions describing the asymmetric model. Since the 
Hamiltonian now contains off-diagonal elements corre- 
sponding to changes in K, 7, and n, these are no longer 
good quantum numbers. However, in the application of 
the theory to methyl alcohol, the asymmetry and con- 
sequently the off-diagonal elements are small, and 
therefore it is proper to retain these numbers as con- 
venient labels for the levels. 

If the second-order Stark effect is to be considered— 
as it will be in the present paper—the following elements 
should be added to those listed in reference 2: 


A yKen! 8 = pS (J?— K*) (S?— M?) }!/J (472-1)! 


2x 
Haken!) K+) 1"! = +, 8[ (JFK) (JFK—1)(J2—M?)}! f Pron* exp(Fix) Pras r'ndx/2J (4J?—1)}. 
0 


u,, and uw, are the components of the permanent electric 
moment parallel and perpendicular, respectively, to 
the symmetry axis of the methyl group, and & is the 
Stark electric field strength. Px,» is a periodic function 
of x defined in reference 2. (The notation and defini- 
tions to be used here are similar to those appearing in 
reference 2.) 

The energy levels may be found by solving the energy 
determinant (diagonalizing the Hamiltonian), and 
while their actual evaluation involves a considerable 
amount of calculation, the resulting structure of the 
energy levels may be described rather simply. In Fig. 1 
the levels for which J=3 and n=0 are shown schemati- 
cally for the following systems: (a) a symmetric rigid 
rotator, (b) a symmetric hindered rotator, (c) an 
asymmetric rigid rotator, and (d) an asymmetric 
hindered rotator. 

Proceeding from left to right in the diagram, it is 
seen that the introduction of a hindering potential 
splits the levels of the rigid symmetrical rotator. If 
the potential has a periodicity of three, as it does in 
methyl alcohol, each level is split in three with the ex- 
ception of the ones for which K =0, which split into only 
two levels. The magnitude of the splitting is a measure 
of the penetration of the potential barrier and hence 
is a very sensitive function of its height. K is a good 
quantum number for both (a) and (b), but for the 
latter case one must add a new quantum number r, 
which determines the kind or type of level, and may 
assume the values 1, 2, or 3. The introduction of an 
asymmetry, in addition to the hindered rotation, re- 
sults in a splitting of the type 3 level for K=1, type 2 
for K=2, type 1 for K=3, etc. If the barrier height is 
now raised indefinitely without disturbing the asym- 
metry, one goes from (d) to (c). Finally, if the asym- 
metry of the rigid rotator is removed, the levels de- 
generate into those of the rigid symmetrical rotator. 
The splitting of the levels of the rigid rotator caused by 
the asymmetry is often called K-type doubling and was 
first discussed by Wang.’ When the splitting is small, 


"S. C. Wang, Phys. Rev. 34, 243 (1929). 





it is approximately given by the formula 
AEx=4h'c(b/8)* (J+-K) !/(J—K) \(K—1) ?, 


where 
c=1/C—1/2A—1/2B, 


2bc=1/B—1/A, 


and A, B, C are the principal moments of inertia of a 
nearly symmetric rigid top with BA, and C< B<A. 

It is evident from Fig. 1 that the levels of an asym- 
metric rotator subject to a threefold hindering poten- 
tial exhibit both the features of the splitting which are 
due to the tunnel effect and also that which is due to 
the asymmetry. The latter effect, which by analogy 
with the rigid case will also be called K-type doubling, 
does not affect all levels but only one out of every three. 


2. Theory of the K-Type Doubling 


The problem of K-type doubling for the hindered 
asymmetric rotator is similar to that for the rigid 











SHR AHR ARR SRR 


Fic. 1. Correlation of the rotational energy levels corresponding 
to various limiting cases for a molecule of the methy] alcohol type. 
J =3, n=0 for the above levels. SRR—symmetric rigid rotator, 
SHR—symmetric hindered rotator, AHR—asymmetric hindered 
rotator, ARR—asymmetric rigid rotator. 
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asymmetric rotator, though it differs from it in two 
respects. The dissimilarities are occasioned by the ex- 
istence of the hindering potential, and by the presence 
of the-cross product of inertia D. When proper account 
is taken of these two factors, it can be verified that the 
formulas developed for the hindered asymmetric ro- 
tator go over into those for the rigid asymmetric ro- 
tator as the potential barrier H becomes indefinitely 
high. 

As shown in reference 2 the energy determinant 
factors into three subdeterminants which are desig- 
nated by the numbers 1, 2, and 3. The roots of sub- 
determinants 1 and 2 are identical, and the levels in 
question belong to the degenerate symmetry class E. 
Subdeterminant 3, however, yields pairs of roots whose 
separation constitutes the K-type doubling which we 
seek to calculate. It will prove convenient to include 
the Stark effect terms in the following discussion which 
for simplicity has been limited to the levels for which 
n=. Evaluating the roots of subdeterminant 3 by 
standard perturbation methods, it can be shown that 
the structure of the levels is represented by the ex- 
pression, 


Esxu=Egxtasxu® 
+4 byx E+ (Asktern au &)* I}, 


where & is the electric field strength, ayx.y and crx 
involve the off-diagonal elements J>J+1, K->K+1 
of the Hamiltonian, and byx yw=y,KM/(J?+J). Esx 
is, of course, the center of gravity of the doublet 
levels in the absence of an electric field, and Ayx is 
the corresponding doublet separation. 

From the foregoing formula it is clear that for low 
field strengths, where &(b7x w?-+2Asxcyx m)'KAysx, the 
Stark effect will be of second order but that it will be- 
come of first order for such large values of & that 
&(bsxa?+2AsKcsK Mm) > Ask. 

Just as the symmetric rigid rotator possesses a linear 
Stark effect resulting from the degeneracy of its energy 
levels, while a quadratic Stark effect exists for the 
asymmetric rotator because the degeneracy has been 
removed, so also for the asymmetric hindered rotator, 
the removal of the degeneracy by the off-diagonal 
matrix elements produces a quadratic Stark effect. 
As the field strength & is increased, the quadratic ap- 
proximation begins to lose its validity, breaking down 
completely when the Stark splitting is of the same order 
of magnitude as the K type of splitting. For field 
strengths still higher, the Stark effect becomes linear. 
The latter situation is very likely to be the case for 
levels with high K, for which the K-type splitting is 
usually very small. Experimental examples of precisely 
this behavior will be encountered. 

The K-type doubling in the absence of an electric 
field is of particular interest. It may be approximated 
through the off-diagonal elements of the Hamiltonian 
in the same manner as is done for the rigid asym- 
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metrical rotator. In the following expressions the 
quantum number 7 will be suppressed, since its values 
are uniquely determined by the values of K. 


Ay=0 Ay=2Hs1" 
Aye= 2A y07? P/ (Ese®— Eso") 
Ags= 2( Ay" LA nn? P/ (Es? — Es? 
Agya= 2A y27* PLA 50"? P/ (Eso — Eso?) (Esa? — Eso), 


where 
Eyrx®=Hyx*. 


The matrix elements as well as the energies E,,° 
depend upon the molecular constants. A substitution of 
the methyl] alcohol constants as determined in a later 
section gives rise to the following values expressed in 
mc/sec: 


An=400(J?+J), 

As2= 0.086 (J— 1) (J) J+1)(J+2), 

Ays= 2.12 10-5 (J — 2) (J—1) (J) (J +1) (J +2) (J4+3), 
Aya=1.91X10-9(J —3) (J—2) ++ (J+4). 


3. Selection Rules for the Asymmetric 
Hindered Rotator 


The permanent electric moment of the molecule may 
be resolved into two components, y,, lying along the 
symmetry axis of the methyl group, and uw, normal to 
the symmetry axis and in the COH plane. The case for 
which there is no external field & will be first considered. 

The wave function y for the asymmetric hindered 
rotator can be expanded linearly in terms of the sym- 
metric hindered rotator wave functions uwyxKrnu. AS a 
consequence of the threefold factoring of the secular 
determinant already discussed, however, there are 
three different possible classes of ¥, each class contain- 
ing only those symmetric wave functions which are 
associated with a given subdeterminant. Thus, the 
y’s corresponding to an energy eigenvalue of sub- 
determinants 1, 2, and 3 will have the respective forms, 


yi=-- * d_2Q_29+ A_11U_11+ Qo3o3+ A12M12+ doit + °°: 
Yo=:: *b_oyt_o1 + b_ 1313+ Dootto2 t+ biti t do3t23+ °° 
Ws= ++ + C_23U_93+C_12U_12 + Comor tCistizst Co2tt22F °°. 


The quantum numbers which are particularly pertinent 
to the present expansion are K and 7, and for this 
reason “sx; has been contracted to ux,. It is to be 
noted that these expansions contain the wave functions 
ux, Corresponding to all K such that | K| <//, and that 
for every K there is only one particular r. 

To determine the selection rules one must calculate 
the matrix elements of the dipole moment along the 
space-fixed axes X, Y, and Z between two states a and b. 
These will have the usual form 


(ur)as= [vcunbav, 
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where F is either X, Y, or Z, and yur is the quantum- 
mechanical operator corresponding to the dipole 
moment along F. By using the above-mentioned ex- 
pansions of y, one can reduce this integral to a sum of 
integrals over the symmetric wave functions, and 
hence, from a knowledge of the selection rules for the 
symmetric rotator, one may deduce those for the asym- 
metric hindered rotator. 

It will be ‘recalled! that, for the symmetric rotator, 
the only permitted transitions are those for which (a) 
AK=0, Ar=0, corresponding to the component of the 
electric moment along the symmetry axis, or (b) 
K-K-—1, r=1-2, 2-3, or 3-1 and K—-K-+1, 
7=2—1, 3-2, or 1-5 corresponding to the perpendicu- 
lar component. For both (a) and (b) AJ=+1, 0, and 
An may have any value. 

The first result of this calculation is that no transi- 
tions are possible between energy levels belonging to 
different subdeterminants. Moreover, since the matrix 
elements of the Hamiltonian are diagonal in J and M, 
(ie., J and M are good quantum numbers), the selec- 
tion rules for J and M will be the same as those of the 
symmetric hindered rotator, namely, AJ=0, +1, and 
AM=0, +1. As before, An can be anything. 

Transitions between all levels of subdeterminant 1 
are, in general, possible, consistent, of course, with the 
requirement that |K|<J, while the same holds for 
levels of subdeterminant 2. It should, however, be re- 
membered that the two determinants are degenerate 
with respect to each other, and that the energy levels 
of the two are identical although labeled differently. 
Thus, the transition (K=1, r=1)—(K=—1, r=3), for 
example, is effectively also a transition to the state 
(K=1, r=2), since the K=—1, r=3 and the K=1, 
t=2 levels coincide. Since the methy] alcohol molecule 
is only slightly asymmetric, it may be expected that 
transitions that violate the selection rules for the sym- 
metric rotator, though possible, will, in general, be 
weak. 

The selection rules for transitions between energy 
states corresponding to subdeterminant 3, because of 
the degeneracy existing between diagonal elements of 
this determinant, must be considered separately from 
those for subdeterminants 1 and 2. It will be recalled 
that for subdeterminant 3, because of the off-diagonal 
elements, a K-type doubling or splitting of the energy 
levels occurs, thereby removing the degeneracy which 
exists for the symmetric hindered rotator. 

An examination of determinant 3 shows that the 
wave function for a K-doublet level has one of the two 
following forms: 


V4 = dott ay (u_y— U1) + d2(u_2+u2)+ 43 (u_3— Us) °° - 
and 
V—=b (u_1 +11) +2 (u_2— U2) +b3 (usu): -, 


where the xx are the symmetric hindered rotator wave 
functions corresponding to the quantum number K, and 
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the ax and the bx are development coefficients which de- 
pend on the molecular constants. The other quantum 
numbers J, M, 7, and ” have been omitted for simplicity. 
The two members of a K-type doublet possess different 
forms of the wave function and the states belong to 
different symmetry classes. The two forms of wave 
functions will be designated as the + and — types, 
corresponding to the first and second equations, re- 
spectively. 

Substituting these expressions for y into the equation 
for (ur)av, and making use of the symmetry properties 
of ux, one obtains the following results for the energy 
levels of determinant 3: 


Only +—+ or ——-— transitions are allowed for 
An=even, AJ= +1, or for An=odd, AJ=0. 

Only +—— or —-—-+ transitions are allowed for 
An=even, AJ=0, or for An=odd, AJ=-+1. 


Whether a given level is + or — can be determined, 
in general, only by an inspection of the secular determi- 
nant, since the ordering of the levels may change as the 


K SYMMETRY 
2 + 
ve2 | - 
+ 
0 + 
, = 
+ 
Jz 
0 + 





Fic. 2. Allowed transitions between levels with 
J=2,n=0 and J=1, n=0 for methy] alcohol. 


molecular parameters are varied. However, in the case 
of methy] alcohol for »=0 and for values of the molecu- 
lar constants near those to be presented later, the result 
is quite simple. For a given value of J the two lowest 
levels are +, the next two higher ones are —, the next 
two higher ones are +, etc. It may be noted that for the 
levels arising from subdeterminant 3, the selection rules 
for An=even become formally the same as those for 
the case of the rigid asymmetric rotor with components 
of the permanent electric moment along the principal 
axes of the least and middle moments of inertia. For 
An=odd the situation is analogous to that of the rigid 
rotator with the moment along the greatest moment of 
inertia axis. 

The selection rules for the »=0 levels of methyl 
alcohol are illustrated in Fig. 2. 

If, in addition to the moments along the y and z axes, 
a moment along the x axis should also exist, the selec- 
tion rules given above for levels of determinant 3 
would break down and all transitions, in general, would 









1808 E. V. IVASH AND D. M. DENNISON 


be possible between these levels. The rule relating to 
noncombination between the levels of different sub- 
determinants would still hold, however. 

Until now it has been assumed that no external 
electric field & is present. If & is not zero, then the 
matrix elements of the Hamiltonian have J—J+1 
connections, and this results in the possibility of transi- 
tions with AJ=+2. The rule AM=0, +1 is still valid, 
however, and intercombinations between levels of the 
different subdeterminants are forbidden as before. Since, 
however, the presence of the Stark energy matrix ele- 
ments disturbs the symmetry of the secular determi- 
nant, the wave function for levels with K-type doubling 
is now no longer either a pure + or — type but is in- 
stead a mixture of the two. Consequently, all transitions 
between these levels are then permitted, so that pre- 
viously forbidden lines become allowed, their intensi- 
ties increasing with &. Such lines have actually been 
observed, and will later be discussed in detail in con- 
nection with the so-called “mirror’’ lines. 


4. Classification of Lines 


As in the infrared spectrum, the principal classes of 
transitions in the microwave region are those for which 
(1) AJ=+1, AK=0, (2) AJ=0, AK=+1, and (3) 
AJ=+1, AK=-+1. These three different cases all 
occur in the observed microwave spectrum of methanol 
and have the following characteristics. 


(1) In the first class only transitions for which 77 are 
allowed by the selection rules and, furthermore, only 
those lines for which n—n fall within the microwave 
region. Since AK=0 and Ar=0O the internal energy 
terms largely drop out of the frequency expression, 
which is then dependent, at least in the first order, only 
on J. In the higher orders, however, a splitting occurs, 
a group of lines being formed for each value of |K| 
less than or equal to the smaller J involved in the 
transition, and for each value of w. Because of the 
different possible values of 7 together with the phenom- 
enon of K-type doubling, each such group with a given 
n value will consist of two lines for K=O and of four 
lines for K0. For methyl alcohol, only the frequencies 
corresponding to the transitions J=0—-1, K=0—0, 
n—n, t—r7 fall within the present microwave region. 
For this case two lines may be expected for n=0—-0, 
two lines for n= 1-1, etc. The separation between the 
components of each of these doublets was estimated by 
Burkhard and Dennison and found to be small, of the 
order of a fraction of a mc/sec. The calculation, how- 
ever, was somewhat sensitive to the order of the ap- 
proximation and it is quite possible that these splittings 
may actually be as large as a few mc/sec. The separa- 
tion between the lines corresponding to n=0, 1, 2, etc. 
depends upon a type of vibration-rotation interaction 
not described by the simple model in which the methyl 
and hydroxyl group are assumed to be rigid, and may be 
expected to be much larger. This effect has been ob- 


served in the microwave spectrum of methyl silane’ 
where the n=1—>1 lines are displaced towards lower 
frequencies from the n=0—0 lines by about 50 mc/sec, 

(2) In the second class, that for which A/=0, 
AK=-+1, the frequency is in first order independent of 
the value of J. The higher-order terms arising from the 
off-diagonal elements of the Hamiltonian, however, 
result in a small J dependence. Thus for a transition 
with given values of K, m, and 7, an entire series of lines 
exists corresponding to the values of J equal to or 
greater than the largest |K| involved. If the levels in 
question are those associated with the subdeterminant 
3, there will exist, in addition, a K-type doubling of the 
lines. For methyl alcohol the only series thus far ob- 
served is that corresponding to the transitions J—J, 
K=1—2, n=0—0, r=2-—>1. 

(3) Finally, there is the class for which AJ=+1, 
AK=-+1. A large number of lines of this type have 
been observed in the microwave spectrum of methanol. 
Most of them are due to transitions in which J and K 
change in opposite directions, though there are in- 
stances where the change is in the same direction. In 
general, the lines of this third class are irregularly 
spaced throughout the spectrum. The lines arising from 
the energy levels of subdeterminants 1 and 2 are single 
while those from subdeterminant 3 exhibit A-type 
doubling. There exists a type of combination relation 
which, while only approximate, may be of value in 
identifying the lines. Consider the two transitions 
J-J-—1, K-K—1, r-7’, and J’—1-J’, K—1-K, 
r’—r. If these two frequencies are added, the internal 
energy terms cancel and the result in the first order will 
be (J’—J) times the frequency of the line J=0-—I, 
K=0—0, r—r7, n—n. The deviation from this combina- 
tion relation turns out to be of the order of a hundred 
mc/sec in methanol for J = 3, J’=4 but may be expected 
to be greater for larger values of J and J’. 

It will be shown that the Stark effect of all lines for 
which AK = +1 is of the first order when the levels are 
those associated with subdeterminants 1 and 2. The 
lines belonging to subdeterminant 3, however, all have 
a second-order Stark effect up to the point where the 
Stark splitting becomes of the same magnitude as the 
K-type doubling, in which case a first-order Stark 
effect appears. 

It might also be pointed out that the selection rules 
for an asymmetric hindered rotator permit transitions 
in which K changes by more than one unit. Such lines, 
however, will be relatively weak for molecules of the 
methyl alcohol type where the asymmetry is small. 


THE EXPERIMENTAL DATA 


The line data which will be used in determining the 
molecular constants of methanol and in demonstrating 
the consistency of the solution so obtained may be 
divided into the three classifications just described. 


8D. R. Lide and D. K. Coles, Phys. Rev. 80, 911 (1950). 
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(1) The lines corresponding to the transitions J/=0—1, 
K=0—-0, r—7, n—n may be expected to fall between 
48000 and 50000 mc/sec. This region of the micro- 
wave spectrum has been investigated by Edwards, 
Gilliam, and Gordy® for both normal methanol and for 
the isotopic molecules C°H;0H, C"H;0D,andC”D;OD. 


| The spectrum of normal methanol showed a consider- 


able number of irregularly spaced lines of which two, 
a single line at 49 867 and a close doublet centered at 
48 374 (doublet separation 4 mc/sec) were the strongest. 
Burkhard and Dennison picked the single line as the 


| one to be identified with the »=0—0 transition on the 
| basis that with this choice lines could be found in the 


spectra of the isotopic molecules which were consistent 
with the dimensions of the molecule. If this choice were 
correct, the doublet at 48 374 might then be associated 
with the same J and K transition but with n=1-—1, 
although its separation from the n=0—0 line would 
seem to be abnormally large. 

Several recent pieces of experimental data are now 
available, however, which appear to show that Burk- 
hard and Dennison made the incorrect identification 
and that the frequency corresponding to J=0—1, 
K=0-0, r-7, n=0—0 lies at 48 374 mc/sec. The 
frequency of this particular transition will be desig- 
nated as »;. The evidence is the following. 


(a) Hughes, Good, and Coles® found a line at 28 316 
mc/sec which, from its observed Stark pattern, can be 
assigned to J=3-—4, K=1-—0, r=2-—3, n=0-0. 
Subsequent to the publication Hughes (private com- 
munication) has measured a line at 19967 mc/sec 
which can be identified as one for which J=3—2, 
K=0—>1, r=3-—2, n=0—-0. According to the approxi- 
mate combination rule, the sum of these two frequencies, 
namely, 48 283 mc/sec, should be nearly equal to 1. 
The observed deviation, 91 mc/sec, is of the right order 
of magnitude, and a calculation, based upon the molecu- 
lar constants to be presented later, leads to a predicted 
deviation of 104 mc/sec. 

(b) Dr. C. W. Peters at the University of Michigan 
has re-examined the fine structure of the parallel vibra- 
tion-rotation band at 1034 cm™ of methyl alcohol. 
Although the individual lines were found to be split 
into a number of components, the positions of their 
centers agreed very accurately with the results obtained 
by Borden and Barker" using lower resolution, namely, 


v= 1034.18+ 1.5975J —0.0088J*. 


This formula leads to a prediction that the microwave 
line y; should fall at 48 160 mc/sec which is in reason- 
able agreement with the line at 48 374 but inconsistent 
with the line at 49 867. 


a ee 


, Edwards, Gilliam, and Gordy (to be published). We are very 
much indebted to Professor Gordy for sending us a preliminary 


_ account of their work. 


" A. Borden and E. F. Barker, J. Chem. Phys. 6, 553 (1938). 
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TABLE I, 








C2H;0'%H 


24 948.04 

— 2.942 
0.1111 
—1.06X 10 
—4.9X107 
131.1 

1.710 


C3H;0'6H 


27 065.58 

— 2.654 
0.0901 
3.36 104 
—4.9X10° 
131.3 

1.751 


CH ;018H 


33 918.57 

— 0.445 
0.0855 
—2.97X 10-5 
—3.0X10-* 
131.0 

2.646 











(c) A recent announcement by Swan" states that the 
line at 49 867 shows a first-order Stark effect, whereas 
the line »; can only have a second-order Stark effect. 


(2) The only lines of the second class so far observed 
in the microwave spectrum of methanol are those for 
which JJ, K=1-—2, r=2-—>1, and n=0-0. These 
form a series corresponding to the values of J/22 and 
have been measured® for C”H;0'*H, C%H;0'°H, and 
C"H;0'H through J=30, 31, and 26, respectively. 
The positions of the individual lines of the series may 
be expressed as a power series expansion in J’+J as 
follows: 


v=vta(P?+J)+0(P+I)P+e(P+J)° 
+d PIM, 


The values of these coefficients as determined from the 
first five members of each series are given in Table I 
in mc/sec. (The values for normal methanol presented 
here differ slightly from those given by Burkhard and 
Dennison since they used alternate rather than ad- 
jacent lines in their calculation. This difference illus- 
trates the difficulty of obtaining accurate coefficients in 
a series expansion, and indicates that while v2 is very 
reliably determined, the value of b, for example, may be 
in error by as much as 1 percent. While no explicit use is 
made of the constants c and d, they have been included 
to show that they are small and that they contribute 
very little to the positions of the lines with low J values. 
If this were not the case, the method employed for find- 
ing a and 6 would yield very inaccurate values.) 

Hughes, Good, and Coles* have measured the Stark 
effect of these lines and found it to be predominantly 
of the first order, with the splitting given by the expres- 
sion M &[A/(J?+J)+B], where M is the magnetic 
quantum number and & the electric field in esu. The 
experimental values of A and B in mc/sec-esu are 
listed in Table I. 

(3) In addition to the series lines just discussed, 
Hughes, Good, and Coles observed a considerable 
number of lines irregularly spaced throughout the 
microwave region. These are to be ascribed to the third 
class of transitions in which both J and K change. 
From the Stark patterns it was possible in a number 
of cases to determine the values of J. This information, 
together with estimates for the internal energy levels, 


1 P, R. Swan, Jr., Mass. Inst. Technol. Quart. Progr. Rept., 
p. 30, April 15, 1952. 
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TABLE II. 








Transition 


Designation Frequency 


Va 19 967 
Vb 28 316 
Ve 36 169 
Va 37 704 
ve 38 294 
ve’ 38 453 











served to fix the transition in question. The lines which 
could be identified uniquely are listed in Table II in 
mc/sec. In all cases n=0—-0. The lines v,’ and »,’’ are 
the two components of a K-type doublet. 


CALCULATION OF THE MOLECULAR CONSTANTS 
OF C”H;0'*H 


Seven molecular parameters appear in the matrix 
elements of the Hamiltonian. These are the four 
moments and products of inertia A, Cy, C2, and D, the 
barrier height H and the components of the perma- 
nent electric moment, namely, yu, and p,. [C2 is 
the moment of inertia of the rigid methyl group 
with respect to the symmetry axis of that group. The re- 
maining quantities are defined as follows (see also refer- 
ence 2): Consider a Cartesian coordinate system &, n, ¢, 
whose origin lies at the center of gravity of the entire 
molecule. The ¢ axis is parallel to the symmetry axis of 
the methyl group, and the 7 axis lies in the plane defined 
by the ¢ axis and the hydroxyl group. If the mass of 
any atom of the molecule be yw; and its coordi- 
nates mi, then A= Qo wi(n?-+$7), C= Li wi(E?+n?), 
and D=>-; umi. Further Cyx=C—C.=A-—B.] Al- 
though in principle all seven parameters are deter- 
mined by the spectrum, in practice neither D nor yp, 
can be obtained separately with any great accuracy but 
only their product Du,. On the other hand, y,, is readily 
obtained, and hence, », can be calculated using the 
experimental value for the total permanent dipole 
moment p=[p,?+y,? |}=1.69X10-'8 esu found by 
Kubo.” 

An examination of the energy expressions shows that 
the Stark energy of the series of lines belonging to 
transitions JJ, K=1—2, r=2—1, n=0—0 depends 
linearly upon y,, and Dy, but is relatively insensitive 
to the remaining parameters. The positions of the lines 
V1, ¥2, vp, and y, on the other hand are sensitive functions 
of A, Ci, C2, and H and depend to only a small extent 
upon D. This suggests the employment of a cycle of 
calculations starting from the molecular parameters 
found by Burkhard and Dennison. The cycle is repeated 
until a set of parameters is found which correctly re- 
produces the observational data. The actual computa- 
tions are quite lengthy since they involve the evaluation 
of the energy determinant by successive approximations, 


12M. Kubo, Sci. Papers Inst. Phys. Chem. Research Tokyo 26, 
242 (1935). 
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as well as the calculation of a number of matrix elements 
The general procedure and the results may be readily 
summarized, however. 


1. Evaluation of D, w,,, and u, 


The Stark energy for the series lines of class two is 
predicted from the secular energy determinant to be 
mainly of first order but containing also a small ad- 
mixture of second order which will be discussed later. 
The first-order expression for the splitting has the form 
Més[A/(J?+J)+B]- where A and B are linear func- 
tions of u,, and Du,, respectively, but depend upon the 
remaining parameters in a complicated fashion. As has 
been seen, the experimental results are in the same 
form, and the values of A and B have been given in 
Table I. Identifying coefficients and making use of 
Kubo’s value for the total permanent dipole moment,” 
one obtains 

D=-—0.107X10-* g cm’, 


My, = — 0.885 X 1078 esu, 
uw, = 1.44 10~"8 esu. 


My, is chosen to be negative in conformity with the 
requirement of atomic electronegativity which de- 
mands that the parallel component of the moment be 
directed along the symmetry axis in the direction from 
the O to the C atom. Similarly, 4, must be directed 
from the O to the H atom and is therefore positive. 
Consequently the sign of D must be negative. This con- 
clusion, as will be seen later, is supported by the Stark 
data for the various isotopic molecules. 


2. Calculation of A, C;, C., and H 


It proves convenient to express the four frequencies 
V1, V2, ¥s, and v, as the sum of two sets of terms, (1) the 
large terms arising from the principal diagonal elements 
of the Hamiltonian, and (2) the small terms which 
have been grouped under the designation «. The 
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Fic. 3. Interatomic distances of the methy] alcohol molecule. 
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quantity ¢ contains the contributions from the off- 
diagonal elements of the Hamiltonian as well as the 
diagonal element 


2a a P 
—[h?D*?/2C1(BC,— D*) | f Pree’ Prelit. 
0 


y= 48 374 mc/sec 
= (h/8n*)[1/A +C,/(BC,— D*) ]+-a, 


n= 24 948 mc/sec 
= —$y,+-3h/89'C+ (Eo10— Ei20)/h+ €, 


y= 28 316 mc/sec 
= (9/2)v1—h/82°C+ (Eos0o— E120)/h+ €:, 


y= 36 169 mc/sec 
= (7/2) mt h/8x’C+ (E\10— Eo20)/h+ Ec. 


The quantities Ex,, are the hindered rotation ener- 
gies defined in reference 2, p. 412 expressed in cm™. 
The small terms €), €2, €,, and e, have been calculated 
and are of the order of 100 mc/sec. 

The foregoing expressions for the four frequencies 
are essentially functions only of the parameters A, Ci, 
(C,, and H. An examination of the equations shows that 
there exists a unique solution which may be obtained 
by successive approximations. The result is 


A=35.341K10™ gcm? C2=5.333K10- g cm? 
"= 1.245 g cm? H= 374.82 cm. 


It is interesting to note that the value of 5.333 10-” 
gcm? for the moment of inertia of the methyl group in 
methyl alcohol is quite close to the corresponding mo- 
ment of inertia of the methyl group in methane, namely, 
5.330% 10—" g cm®." This near equality of the two 
moments of inertia makes it plausible, though not 
certain, that the CH distance and the HCH angle of 
methyl alcohol do not differ much from those of 
methane. 

It is impossible in the case of any molecule as com- 
plex as methanol to obtain a rigorously exact solution 
for the energy levels. In order to progress at all it is 
necessary to consider a simplified model which neglects 
certain of the higher-order effects. Among the effects 
neglected in the present paper, there is the centrifugal 
stretching of the molecule and also the interaction 
between the rotational energy and the normal vibra- 
tions. Estimates indicate that this influence will be 
relatively small on the low-lying levels under considera- 
tion. Some idea of the sensitivity of the equations may 
be gained by successively varying the frequencies of 
%1, ¥2, ¥», and v, by 100 mc/sec and solving for the new 
molecular parameters. The maximum changes in the 
constants were found to be AA=0.07K10™ g cm’, 
4C,=0.003 10 g cm?, AC;=0.02X 10-” g cm?, and 
AH=0.3 cm-, 
es 

*G. Herzberg, Infrared and Raman Spectra of Polyatomic 
a (D. Van Nostrand Company, Inc., New York, 1945), 


OF METHYL ALCOHOL 


TABLE ITI. 








CH 30'8H 


—0.250X 10-” 
—0.890X 10-8 
1.441078 


C#H;30'6H 


D=-—0.107X10~” 
pu = —0.885 X 10 
ui=1.44XK10"% 


C3H;,0'H 


—0.126X 10-” 
— 0.886 X 1078 
1.44 10-8 











3. Interatomic Distances 


The four inertial constants A, Ci, C2, and D of the 
normal molecule are insufficient to determine the six 
interatomic distances of the molecules which are shown 
in Fig. 3. 

The additional data which would fix the values of the 
six distances could, of course, come from the spectra 
of isotopic molecules. At the present time the only lines 
which have been measured experimentally, and which 
are suitable because they involve only low J values, 
are the class two series lines of the isotopic molecules, 
for which values of v2 have been listed in Table I. The 
most convenient point of attack was found to be the 
utilization of the products of inertia D and the com- 
ponents of the electric moment as determined by the 
Stark coefficient A and B. The reason for this is that 
these coefficients depend insensitively upon small 
changes in the remaining moments of inertia, and, in 
any case, these small changes can be estimated quite 
reliably. The results of the analysis are shown in 
Table III where the figures obtained previously for 
normal methanol have been included. D is in g cm?, and 
the electric moments are in esu. 

It is very satisfactory to find that the components of 
the electric moment for the three isotopic molecules 
agree within the limits of experimental error. In prin- 
ciple the two additional values of D in conjunction with 
the A, C1, C2, and D of the normal molecule should be 
sufficient to evaluate the six structural parameters. In 
fact, however, the constant f cannot be determined 
with any accuracy but only its component perpendicu- 
lar to the symmetry axis. For this reason it has seemed 
advisable to assume that f has the same value that it 
has in methane, namely, 1.093A. Since the moment of 
inertia of methane is almost precisely equal to C2, one 
could make the equivalent assumption that the HCH 
angle is equal to the methane angle of 109°28’. By 
using the D of C"H;0'*H together with the moments 
and products of inertia of normal methanol, the molecu- 
lar dimensions may be calculated. These are listed in 
Table IV. 

The product of inertia D for the molecule C%H;,0'*H 
may now be calculated and is found to have the value 
—0.124X10-" g cm’, which should be compared with 
the observed figure of —0.126X 10-” g cm’. 

The following points in connection with the molecular 
dimensions should be noted: (1) The O atom is located 
0.079A away from the symmetry axis on the opposite 
side from that of the H atom, which in turn is 0.807A 
from the symmetry axis. The center of gravity of the 
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TABLE IV. 








OH=0.937A 
CO=1.434A 
{HCH = 109°30’ 
{ COH = 105°56’ 


a=0.079A 


b=0.807A 
c=0.306A 
d=1.432A 
e=0.364A 
f=1.093A (assumed) 








OH group for the normal molecule lies between the O 
atom and the symmetry axis at a distance of 0.027A 
from the latter. Thus, neither the O atom nor the center 
of gravity of the OH group is situated precisely along 
the axis of symmetry, in agreement with the earlier 
results of Burkhard and Dennison. (2) Because of the 
general similarity between the COH portion of the 
CH;0H molecule and the H,O molecule, the OH dis- 
tance and the COH angle of the former can be expected 
to be fairly close to the OH distance and the HOH 
angle of the latter, namely, 0.958A and 104°31’ re- 
spectively. It is gratifying to find that this expectation 
is reasonably well fulfilled. (3) The CO distance as de- 
termined here is 1.434A, which is very close to the 
figure 1.44A found by electron diffraction methods. 
The actual value obtained, however, depends upon the 
dimensions assumed for the CH distance. In particular, 
a change of 0.01A from the adopted value of 1.093A 
for the CH distance will cause a change in the CO 
dimension of 0.008A. (4) The calculated value of 109°30’ 
for the HCH angle is very close to the figure of 109°28’ 
for the corresponding angle in methane. This agreement 
is, however, also dependent upon the exact value as- 
sumed for the CH distance. 

The molecular dimensions which have been given are 
probably not accurate to the number of places listed, 
but rather represent a set which is consistent with the 
experimental data employed. The errors involved in the 
figures may arise from a number of causes such as: (a) 
experimental errors, which in many, but not all, in- 
stances are small because of the accuracy of the micro- 
wave measurements, and (b) the limitations of the 
present model in which, for example, the molecule is 
taken to be rigid, and a simple sinusoidal dependence 
is assumed for the hindering potential. The higher- 
order corrections introduced by these and other causes 
may influence some of the results, according to past ex- 
perience, by one or two percent. An example of such 
effects is the discrepancy between the value of —0.124 
X10-*" g cm? for the D of the C%H;0'*H molecule 
based upon the calculated interatomic distances, and 
that of —0.126X10-" g cm? obtained from the Stark 
data for this molecule. The difference of 0.002 10-” 
g cm? between the two figures is within the expected 
deviation. 

An examination of the procedure used in determining 
the interatomic distances shows that most of the errors 


4 B. T. Darling and D. M. Dennison, Phys. Rev. 57, 128 (1940). 
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in the calculated values for the dimensions arise from 
the uncertainties in D and in the assumed CH distance, 
If the possible variation in D is taken to be 0.002 10 
g cm*—a not unreasonable value as seen above—then 
the following changes result in the molecular dimen. 
sions: 


Aa=0.003A, Ab=0.003A, Ac=0.03A, Ad=0.002A. 


Likewise if the CH distance is altered by 0.01A from 
the assumed value of 1.093A, the changes are 


Aa=0.001A, Ab=0.001A, Ac=0.015A, Ad=0.008A. 


CALCULATION OF ADDITIONAL LINES OF THE 
MICROWAVE SPECTRUM 

The molecular constants of methanol which have 
been given make it possible to calculate the energy 
levels of the molecule and hence to determine the pre- 
dicted spectrum, which may then be compared with the 
observed spectrum. Deviations between the predicted 
and observed lines are to be expected, and originate 
from (1) experimental errors, (2) inaccuracies in the 
molecular constants, and (3) to a great extent from the 
simplified model employed to represent the methy! 
alcohol molecule. 

TABLE V. 








(v2—v2(N)) (v2 —v2(N)) 
b 


v2 (obs) calc obs 


27 066 
33 919 


Molecule 


C3H,0'%H 
C2H,.04H 





1992 
9544 


2118 
8971 








The hindered rotation energy levels Ex,;, as well as 
the Fourier coefficients used in the expansion of the 
wave functions are given in the Appendices for those 
states which occurred most frequently in the calcula- 
tions. Additional levels and coefficients may, of course, 
be obtained through the use of the continued fractions 
described in reference 1. The process of diagonalizing the 
Hamiltonian was accomplished by the usual perturbe- 
tion methods, which are here especially applicable since 
the off-diagonal elements are generally much smaller 
than the difference in the corresponding diagonal 
elements. These calculations are all straightforward but 
often very lengthy, and for that reason computations 
have been made only for those spectral lines which have 
been identified in the microwave spectrum. It will prove 
convenient to use the three classifications of lines al- 
ready employed in discussing the experimental spet- 
trum. Since, however, only one line of class 1 (JJ+1, 
K-K, r—r, n—n) has been observed, and this has 
been used earlier in determining the molecular cot 
stants, the first lines to be considered will be the series 
lines of class 2 (JJ, K=1-32, r=2-91, n=0—0). 










1. The Class 2 Lines 


The experimental data regarding these lines havt 
been listed in Table I. Until now the only figures from 
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this class that have been used in the calculations have 
been those for the origin of the series v2 for normal 
methanol, and the Stark coefficients A and B for all 
three isotopic molecules. With the aid of the interatomic 
distances the moments and products of inertia of the 
isotopic molecules can be obtained, and these, together 
with the barrier height, which is independent of the 
isotopic masses, serve to fix the energy levels associated 
with the transition. In Table V the calculated and 
observed values of v2 are listed as well as the shift in v2 
in going from the normal to the isotopic molecule. All 
frequencies are in mc/sec. 

The agreement is quite satisfactory especially when 
one recalls that these frequencies are the result of the 
difference of two frequencies, one because of the normal 
rotation and the other because of the hindered rotation, 
each of which is approximately ten times larger than 
their difference. It was found that no reasonable change 
in the molecular dimensions would improve the agree- 
ment, and it was concluded that the discrepancies must 
arise from an oversimplification of the model, such as, 
for example, the assumption that the methyl and hy- 
droxyl groups are rigid. 


TABLE VI. 








—v2(N)) 
obs 


2118 
8971 
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b calc 


0.1025 
0.0913 
0.0842 


Molecule 
C2H 30'6H 


C3H,0'*H 
C®2H,08H 











The quantities ¢@ and b appearing in Table I describe 
the positions of the lines in the series and are the coeffi- 
cients of the J?-+J and (J?+ J)? terms, respectively. 
Each of these can be calculated since they are due 
principally to the off-diagonal elements K-K-+1 and 
K-+K+2 of the Hamiltonian. As explained by Burk- 
hard and Dennison, the coefficient a, however, is not 
suitable as a check, since it is contaminated by terms 
arising from the centrifugal stretching, an effect not 
taken into account in the simple model. The results of 
comparing the calculated and observed values of 6 are 
shown in Table VI and are given in mc/sec. 

The agreement is moderately satisfactory since it is 


xpected that higher-order effects could give contribu- 


tions amounting to several percent. It is, however, 
somewhat puzzling that the discrepancy should be the 


largest for normal methanol. 


2. The Class 3 Lines 


The third classification of lines are those due to simul- 
laneous changes in J and K, and the only examples 


‘Positively identified in the microwave spectrum of 


tormal methyl alcohol are listed in Table II. Of the 


Sx frequencies appearing in the table, two, », and »,, 
phave already been used to determine the molecular 


TaBLeE VII. 








v obs 


19 967 
28 316 
36 169 
37 704 
38 294 
38 453 


Designation v cale 


Va 19 978 
Vb 28 316 
Ve 36 196 
va 37 799 
vel 38 605 
ve’ 38 749 











constants. The values of the remaining frequencies 
may be calculated and appear in Table VII in mc/sec. 

The discrepancies between the observed and calcu- 
lated frequencies are of the same order of ‘magnitude 
as those appearing previously and are no doubt the 
result of the same type of higher-order effects. It is very 
satisfactory to find that the calculated difference be- 
tween y,’ and v,”’, namely, 144 mc/sec, is so close to 
the observed difference of 159 mc/sec, since this doublet 
is an example of K-type splitting, and to the first order 
should be independent of the higher-order terms. 

All six lines should show a Stark dependence which is 
predominantly linear and of the form Av= BM &, where 
M is the magnetic quantum number and & the field 
strength. Experimentally} the lines do show the pre- 
dicted dependence, and the calculated and observed 
constants B in mc/sec-esu are given in the last two 
columns of the table. It should be remarked that »,’ and 
ve’, being members of a K-type doublet, possess a 
quadratic Stark effect for sufficiently low fields which, 
however, becomes linear when a= KM &y,,/(J?+ J) be- 
comes larger than the K-type splitting Ayx. For the 
upper level involved in the transition, J/=6, K=2, 
calculations show that Ay;x/h=144 mc/sec, whereas 
a/h=6.4 M & mc/sec, and the Stark effect will therefore 
be quadratic for reasonable values of the field strength. 
For the lower level, on the other hand, for which J=5 
and K =3, one obtains Ayx/h=0.43 and a/h=13.4 M& 
and, consequently, here the Stark effect will be linear 
and will dominate the smaller quadratic effects. 


3. The Second-Order Stark Effect 


The second-order or quadratic Stark effect has been 
measured by Hughes, Good, and Coles for a number of 
lines in the microwave spectrum of methyl alcohol. 
These lines may be grouped into two classes: those for 
which the Stark effect is predominantly linear with a 
relatively slight quadratic admixture and those for 
which the effect is purely quadratic. An example of the 
former category is given by members of the rz series, 
and, indeed, by any first-order lines, while the latter is 
represented by lines of the »; type as well as by a num- 
ber of other lines found in the microwave spectrum by 
Hughes, Good, and Coles. We shall consider each cate- 
gory separately. 

t Hughes, Good, and Coles originally gave 3.4 mc/sec-esu as 
the value of B for the line v». This figure has been subsequently 


redetermined by them (private communication) and found to 
be 11 mc/sec-esu. 





ms lV, 


TABLE VIII. 








M C cale D calc D obs 


2 
—2 
~3 


C obs 





0.024 
0.0155 


0.024 
0.0165 


0.37 
0.38 


0.31 
0.52 








Besides possessing a linear Stark effect, the members 
of the v2 series have also a quadratic dependence which 
may be represented by the equation 


Av= (C+DM?) &. 


The coefficient of & for some of the components of 
lines of the normal molecule has been determined by 
Hughes, Good, and Coles, and the M? dependence for a 
fixed voltage has been also studied for the J=7 and 
J=9 lines. The values for the coefficient of & and for 
the coefficients of M? are believed to be accurate to 
within 15 percent and 10 percent, respectively, and are 
given in Table VIII together with the calculated values 
in units of mc/sec-esu?. The latter have been obtained 
using expressions determined by the usual methods of 
perturbation theory. The agreement, except for the 
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J=3, M=-—3 line, is within experimental error and js 
quite gratifying, since the second-order effect is super. 
imposed on a strong first-order effect. 

The Stark effect of v1, corresponding to J=(0—1, 
K=0—0, r=1->1, 2-2 or 3-3, and n=0—0, has not 
as yet been measured experimentally, but is theoreti- 
cally predicted to be pure second order, the line being 
shifted in position, but not split. As described earlier, 
v; should actually be a close doublet consisting of the 
t=1 line, and to the coincident lines r=2 and 3. The 
magnitude of the doublet separation is in some doubt; 
the provisional work of Edwards, Gilliam, and Gordy’ 
showed a doublet separation of about 4 mc/sec, whereas 
the estimate by Burkhard and Dennison, based upon 
their theory, indicated a separation of only a fraction 
of a megacycle per second. In the following calculation, 
it will be assumed that the doublet separation is larger 
than the Stark energy. If this is not the case, a mixing 
of the levels would occur, complicating the equations, 

The Stark energy AEsxrn arises from the of- 
diagonal elements of the Hamiltonian Hy_; xrn7*" 
and Hy_y xii r'n7*"™, straightforward methods yield- 
ing the results 


AEF oorn= mirS?/3 (Hoorn ™ — A orn ™) + (us?&?/6) Zz. [(-Mo, Malad xd (Hoor = Ayryrnt’™’) 


ao (+M oon t?'”’)?/ (Hoorn — Ai-1 at r’n')|, 


AE jorn= miS?/3 (Horn! — Hoorn) + 4uirE?/15 (A rorn?*" — Hoorn”) 
+ (u128?/10) 8 [(—M en! ?’’)?/ (A iorn 9? — Aare nt ™) + (+M oon 17'™)?/ (Horn — Hoi ea r’n’)], 


where 


Qn 
£M xrn*F! rate f Pron* exp(4ix) Prat 1 n'dX. 
0 


The Stark change in the frequency is then given by 
hAv= AE yorn— AE corn. 


Substituting in the above formula and evaluating the 
matrix +M, the following expressions are obtained for 
the frequency shifts of the lines corresponding to 
J=0—-1, K=0—-0, n=0—-0, and r=1-—>1, and r=2-—2 
or 3—3, respectively : 


Av=0.22 & mc/sec 
Av=0.20& mc/sec. 


Among the many irregular spaced lines of methanol 
found by Hughes, Good, and Coles, there are a number 
which show a pure second-order Stark effect. These must 
be members of a K-type doublet for which the K-type 
splitting in both the initial and final states is large com- 
pared with the Stark energy. Most of the observed lines 
correspond to such high J and K values that the large 
size of the higher-order terms makes a unique identifica- 
tion impossible at present. An exception appears to be 
the line at 28 970 mc/sec which fits well with the iden- 





tification J=9-8, K=1-2, r=3-2, n=0-0. The 
calculated position of this line is at 29 030 mc/sec. The 
Stark effect should be of second order, and a somewhat 
lengthy calculation gives 


Av= (—0.033M?+-0.09) & mc/sec, 
while the experimental result is 
Av= (—0.034M?-+-0.16) & mc/sec. 


Evidently the agreement is excellent for the coefi- 
cient of M?&2, but less good for the & coefficient. I 
is possible that other effects may be contributing to the 
quadratic Stark effect. For example, the polarizatio! 


27105.93 
2710480 


26979.03 
26980.40 


A— LL. 


Fic. 4. Observed “mirror image pattern” of C2H;,0"*H. The solid 
and dotted lines represent allowed and forbidden transitiom, 
respectively. 
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of the molecule does produce a second-order effect, but 
its value for the case of the water molecule has been 
estimated!® and found to be very small, of the order of 
Av= 10-4 &? mc/sec, and there seems to be no reason to 
believe that it would be essentially larger in methanol. 


4. The “Mirror” Lines 


Hughes, Good, and Coles have measured a set of four 
ines in the C?H;0'*H microwave spectrum which they 
term a “mirror image pattern” because two of the lines 
bear a mirror-like resemblance to the other two. The 
observed pattern is illustrated in Fig. 4, where the ob- 
served frequencies are given in mc/sec. 

The lines at 26 980.40 mc/sec and 27 104.80 mc/sec 
are forbidden in the absence of a field, that is, they ap- 
pear only when a Stark voltage is applied, and become 
stronger as the voltage is increased. The allowed lines 
at 26 979.03 mc/sec and 27 105.93 mc/sec, which ex- 
hibit a second-order Stark effect at low field strengths, 
merge with the forbidden lines at a field of several 
volts/cm, the mixture yielding a first-order Stark effect 
at slightly higher voltages corresponding to a value of 
about 3.5 mc/sec-esu for the coefficient of M&. The 
linear Stark patterns are slightly asymmetrical with 
frequency displacements on the low-frequency side be- 
ing ten percent greater than those on the high-frequency 
side. From the Stark patterns it may be concluded that 
4J=+1 and that the J of the lowest state is at least 12. 

As Hughes, Good, and Coles point out, such a “mirror 
image” set of lines may be interpreted as being due to a 
transition between two K-type doublets. The transition 
in question appears to be one in which J=13—12, 
K=3—4, r=1-3, n=0-0. From the moments of 
inertia for the C!™H,O'*H molecule as obtained from the 
interatomic distances, the zeroth-order frequency due 
to the diagonal elements of the Hamiltonian may be 
calculated, and is found to be 27 300 mc/sec, in good 
agreement with the observed value of 27 140 mc/sec 
for the center of the pattern. Using the formulas de- 
veloped for the K-type splitting, one obtains 


A:3,3=122 mc/sec Ajo. 4=1.0 mc/sec. 


_ The energy-level diagram for the transitions involved 
sshown in Fig. 5, where the above calculated values are 
also indicated. 

The + and — signs refer to the symmetry types of 
the levels. In the absence of a field only +--+, —>-— 
ltansitions are allowed. When a field is applied, how- 
tver, the other transitions +—-—, ——>+ become 
possible, the probability increasing with the strength 
of the field. On the basis of this scheme, a separation 
between the allowed lines of 123 mc/sec and a forbidden- 
illowed splitting of 1.0 mc/sec are predicted. These 
Values may be compared with the observed ones of 


127 mc/sec and about 1.2 mc/sec, respectively. 
Gttienttenemen 


ts) Golden and E. B. Wilson, Jr., J. Chem. Phys. 16, 669 


1815 


SYMMETRY 
TYPE 





J*12, K=4 











J#13, K=3 
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Fic. 5. Energy-level diagram for the ‘‘mirror image pattern’ 
of Fig. 4. The allowed and forbidden transitions are indicated by 
solid and dotted lines, respectively. 
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According to previous results, a quadratic Stark 
effect for K-type doublets should be observed for suffi- 
ciently weak electric fields. As the field strength is in- 
creased to the point where the Stark splitting is larger 
than the K-type splitting, the Stark effect becomes 
predominantly linear. For the above particular case of 
“mirror” lines it is clear that the linear Stark effect will 
occur first for the K=4 levels, since their splitting is 
very much less than that of the K=3 levels. The linear 
Stark coefficient for the K =4 state may be shown from 
the previous results to be 4y,,/(J’+ J), from which ex- 
pression a calculated value of 3.4 mc/sec-esu for the 
coefficient is obtained, which may be compared with the 
observed value of 3.5 mc/sec-esu. The fact that the 
Stark pattern is slightly asymmetrical can be ascribed 
to the presence of energy terms in the K-type doubling 
expressions other than those linear in &. 


APPENDIX 
1. Energy Levels 


As discussed in reference 2, the diagonal elements of the Hamil- 
tonian in the absence of an external field consist of the sum of 
three terms. One of these is proportional to D? and for methanol 
is very small, in many calculations being negligible. Of the other 
terms, one represents the rotational energy of a symmetrical] 
rotator and for methanol may be expressed in wave numbers by 


the formula 
0.8066 (J?+-J — K?) +4.2544K?. 


The remaining term is the internal rotation energy Ex;n. The 
figures in Tables [X-XII were utilized in the present paper, 
and are based on the constants, Ci/C=0.189275, C2=5.33265 
X10- g cm’, and H=374.821 cm~. The energies are given for 
n=0 and are expressed in wave numbers. 


TABLE IX. Exo. 








7r=3 


137.9489 
135.4901 
133.0484 
130.9748 
129.5256 


r=2 


137.9489 
140.0068 
141.2561 
141.4193 
140.4585 


r=1 


128.8254 
129.2529 
130.4922 
132.4105 
134.7797 
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The internal rotational energy is a periodic function of 
y=2nC,K/3C and hence, may be expanded as a Fourier series in 
y. For the above molecular constants, y has the value of 22.7130°K. 
The levels for r=1 and m=0 are well represented (in cm) by 


Ex.io= 134.922 —6.320 cosy+0.239 cos27—0.014 cos3y. 


The levels for r=2 and r=3 may be found by increasing y by 
120° and 240°, respectively. 
2. Wave Functions 


The internal rotation wave functions of the symmetrical rotator 
are denoted by 


PKrn@=20-+ ZL am exp(imx), 


where the normalization factor 27~ has been included so that 


24 Ct 
J, PKen*®PKrm@dx= Z an?=1. 


qyraeb 


TABLE X. (r=1). 








K=0 1 2 3 


a_12= 0.000024 0.000019 0.000015 0.000012 
a_g =0.001035 0.000843 0.000690 0.000566 
ag =0.025430 0.021577 0.018369 0.015651 
a_3; =0.285724 0.257096 0.231585 0.208369 
a =0.914017 0.911676 0.904393 0.891392 
a3 =0.285724 0.318393 0.356104 0.399863 
ag =0.025430 0.030129 0.035925 0.043130 
ad =0.001035 0.001278 0.001591 0.001997 
a2 =0.000024 0.000030 0.000039 0.000051 











TABLE XI. (r=2). 








K=0 1 2 4 


a_13= 0.000007 0.000006 0.000003 
10=0.000356 0.000285 0.000134 
0.010692 0.008899 0.004669 
0.140304 0.085326 
832730 0.790585 0.609367 
525624 0.590463 0.776626 
.066764 0.080896 0.134722 
003435 0.004366 0.008426 
.000095 0.000124 0.000267 
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TABLE XII. (7=3). 








1 3 


0.000072 0.000042 
0.002701 0.001696 
0.055017 0.037808 
0.466110 0.367846 
0.864211 0.901337 
0.180788 0.224808 
0.012693 0.017555 
0.000438 0.000652 
0.000009 0.000014 











The Fourier coefficients am have been calculated for those n=0 
levels which are of principal importance in the present paper, and 
appear in Tables X, XI, and XII for r=1, 2 and 3, respectively. 
From a knowledge of the structure of the wave functions (see 
reference 1), it is then possible through interpolation methods to 
obtain the coefficients for any K or r to a fair order of accuracy. 


A’ 
halide 
and ce 


tions © 
calcul 


full ba: 
energy 





eteitdliaiall | 


se n=0 
per, and 
actively. 
ms (see 
thods to 
~uracy. 


: (1937), 


THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 21, 


NUMBER 10 OCTOBER, 


Note on Some Regularities of the Absorption Band Maxima of Colored Alkali 
Metal Halides 


A. GLASNER* AND F. C. TOMPKINS 
Department of Inorganic and Physical Chemistry, Imperial College of Science and Technology, London, S.W.7, England 


(Received April 1, 1953) 


The various relationships which exist between the absorption band maxima of colored alkali metal 
halides have been noted, and some simple empirical rules have been proposed for calculating certain crystal 


parameters from the position of these maxima. 





TTENTION is directed to some regularities of the 
absorption band maximaf of colored alkali metal 
halides and the relationships which exist between these 
and certain parameters of the crystal. These considera- 
tions have lead us to propose some simple rules for 
alculating certain of these parameters, although we 
have found no satisfying theoretical justification of the 
equations proposed. 


1. The first fundamental band f,}:? of the lattice and the 
F*4 band. Table I gives the band maxima of these two 
bands and the difference, designated f:—F, in electron 
vlts. The latter, except for NaCl and NaBr, is constant 
fora series of halide ions and independent of the alkali 
metal. For theoretical considerations, data at as near 
(’K as possible would be more valuable, but those given 
in Table I refer to room temperature at which a greater 
range of data are available. The shift in band maxima 
between — 253°C and 20°C, where measured, is ca 0.1 
w, for the F band® and 0.25 ev for the /; band® and is 
about the same for different salts—the agreement of 
different investigators for the same salt at the same 
temperature is also ca 0.1 v. The constant difference 
(i-F) suggests that the electron transitions from the 
full band and from the F center are to the same higher 
energy level and that the energy of transition is inde- 
pendent of the nature of the monovalent cation. 

2. The a and B bands. The few data available are due 
to Pringsheim ef al.,° who first recorded them in the 
lng-wave tail of the first fundamental band, and to 
Martienssen? (see Table I). Now anion and cation 
vacancies are most probably present predominantly as 
wits? and in F-center production, by irradiation or 
idditive coloration, the pairs dissociate giving isolated 
‘ation vacancies and F centers. Similarly, during bleach- 
ng of F centers anion vacancies are produced, and these 
ae expected to associate with cation vacancies. The 


*On leave from The Hebrew University, Jerusalem, Israel. 
1830 Hilsch and R. W. Pohl, Z. Physik 57, 145 (1929); 59, 812 


'E. E. Schneider and H. M. O’Bryan, Phys. Rev. 51, 293 


‘Erich Mollwo, Z. Physik 85, 56 (1933). 

ik. W. Pohl, Proc. Phys. Soc. (London) 49, 3 (1937). 

i Fesefeldt, Z. Physik 64, 623 (1930). 

Delberg, Pringsheim, and Yuster, J. Chem. Phys. 19, 574 
951); 20, 746 (1952). 

W. Martienssen, Z. Physik 131, 488 (1952). 

F. Seitz, Revs. Modern Phys. 18, 396 (1946). 


simultaneous production of the 8 and F band found 
experimentally and the fact that /:—f is roughly con- 
stant suggest therefore, that the 8 band has its origin in 
the presence of isolated cation vacancies which cause a 
shift in the fundamental band maximum. On the other 
hand, the a band, which at low temperatures precedes 
the appearance of the 8 band and is formed from it 
during bleaching, is evidently due to the presence of an 
intermediate complex formed under conditions where 
the mobility of the cation vacancy is restricted and 
where, therefore, the separation of the vacancy pair is 
incomplete. 

3. V centers?” (V,, V2, V3). Table II shows that the 
difference (V3;—V1) is constant, independent of the 
cation and anion, but that V;— V2 varies with the anion. 
The regularities are consistent with the view that V; 
centers (stable only at low temperatures) arise from 
isolated positive holes; V; centers, from positive holes 
trapped at a cation vacancy; and V2, asa pair of positive 
holes associated with a cation vacancy." In the latter 
case, we note that “resonance” between the neighboring 


TABLE I. Relationship between the first fundamental (f;) and the 
F-band maxima, in electron volts.* 








Alkali metal 
halide fi 


>] 


f—-F 





NaF 
KF 


LiCl 
NaCl 
KCl 
RbCl 
CsCl 


NaBr 
KBr 
RbBr 


KI 
RbI 
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om 


D> im» Doo 
SaES23 


SS RSS SSSRS BB 


A 
2 


A NAGS SVN SOS 


uA BSE 


46 5.18 
3 ae 








® f—band maxima at room temperature; a and #8 bands measured at 
liquid air temperature, since a bands are unstable at room temperatures. 


9 E. Mollwo, Ann. Physik [5], 29, 394 (1937). 
(  Casler, Pringsheim, and Yuster, J. Chem. Phys. 18, 1564 
1950). 
11H. Dorendorf, Z. Physik 129, 317 (1951). 
12 W.H. Duerig and J. J. Markham, Phys. Rev. 88, 1043 (1952). 
13 J. Alexander and E. E. Schneider, Nature 164, 653 (1949). 
4 F. Seitz, Phys. Rev. 79, 529 (1950). 
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TABLE II. Relationships between the various V bands.* 








Alkali metal 
halide V3 V2 Vi 


5.88 5.54 
5.73 5.32 
5.32 4.66 
4.41 3.53 


V3-Vi 


2.30 
2.30 
2.31 


V3—-V2 


0.34 
0.41 
0.66 
0.88 





3.58 
3.43 
3.01 


NaCl 
KCl 
KBr 
KI 








® Values for the V-band maxima were taken from references 9 and 10, 
those for Vi centers were obtained at liquid nitrogen temperature since these 
latter are unstable. V2 and V3 were measured at room temperatures. 


positive holes will depend in magnitude on the nature of 
the positive holes (i.e., of the anions) and that this 
suggested “structure” is consistent with the experi- 
mental fact that the concentration of V2 centers, mainly 
formed by additive coloration with the halogen gas, is 
proportional to the gas pressure.° 

4. Work of removal of anion to infinity, W~.°'® W- 
may be calculated empirically from 


W-=F+E-34H, (1) 


where F=the energy corresponding to the absorption 
maxima of the F band; E and HA refer to the electron 
affinity of the halogen atom and the bond dissociation 
energy of the halogen molecule, respectively. Table III 
gives our calculated values compared with those ob- 
tained by Mott and Littleton by a rigorous calculation. 
The agreement is good. 

5. Work of removal of cation to infinity, W+. W+ may 
be calculated from the equation 


Wt= (U—F)+3W,, (2) 


where U is the energy maximum of the U band,’ and 
Wp is the (average) energy necessary to create a vacant 
lattice site. This latter has been calculated by Mott and 
Littleton'® for three halides from 


1W =W-+Wt—U,, (3) 


where Uy is the lattice energy. 
The values of W- calculated by Mott and Gurney” 


15 N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 34, 485 
(1938). 

16N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
Crystals (Clarendon Press, Oxford, 1948), second edition. 

17 R. W. Gurney and N. F. Mott, Trans. Faraday Soc. 34, 506 
(1938). 
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are NaCl, 0.95; KCl, 0.95; and KBr, 0.94 ev. We have 
found, however, that W~ is approximated very closely 
by E,, the energy of combination of a pair of vacances in 
uni-univalent salts having ions of roughly the same size, 
Using Seitz’s formula 

E, = e/ Mr, (4) 


where ¢ is the electronic charge, u is the static dielectric 
constant, and r is the shortest distance between two ions 
of opposite charge in the lattice, we obtain the following 
values: NaCl, 0.92; KCl, 0.97; and KBr, 0.91, in good 
agreements with their W~ values. Table III gives values 
of W* calculated from our formula 


Wt=(U—F)+e/ur (5) 
and the only three values calculated by Mott and 
Littleton. 


TABLE III. W* calculated by three different methods and W 
calculated by two different methods. 








Alkali metal 
halide 


LiCl 
NaCl 
KCl 
RbCl 
CsCl 
NaBr 
KBr 
RbBr 
KI 
RbI 


fi-y W- =F+E-4h 
5.46 , 

4.64 (4.62)» 5.17 (5.18) 
4.45 (4.47) 4.72 (4.79) 
4.26 4.53 

4.45 4.56 

4.29 4.81 

4.33 (4.23) 4.50 (4.60) 
4.19 4.37 
[4.12] 4.19 

4.04 3.99 


U —F +e?/yr 





“sINmur’ 


- enw NUD * 
"NOOR 








« E (Cl, Br, 1) =3.78, 3.52, 3.17; #4 (Cl, Br, I) =1.25, 1.00, 0.78 ev. 
» Figures in parentheses indicate Mott and Littleton’s values. 


The third column gives W*t calculated from /i-), 
where /; refers to the energy of the absorption maximum 
of the first fundamental band, and y is an empirical 
constant independent of the cation but dependent on 
the nature of the anion; the values in ev used for y to 
give the best agreement for the series of salts with the 
same anion were Cl (3.17), Br~ (2.27), and I- (1.51). 

We believe that theoretical considerations of the 
nature of the processes accompanying light absorption 
by colored crystals and of the “structure” of the various 
centers must be consistent with the regularities noted 
above. 
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The variability of the Ag/S ratio in silver sulfide has been studied with the help of electrochemical measure- 
ments. Silver sulfide coexisting with metallic silver at 200°C contains a silver excess of 2.0X10™% g-atom 
Ag/mole Ag2S, whereas silver sulfide coexisting with liquid sulfur has very nearly ideal stoichiometric 
composition. The variability of the Ag/S ratio in 8 AgeS at 160°C is of the order of 3X10 g-atom Ag/mole 


Ag.S. 


The interdiffusion coefficient of silver in AgeS at 220°C is about 3 X 10° times greater than the self-diffusion 


coefficient of silver in Ag2S. 


A thermodynamic calculation gives the result that the transformation temperature of AgeS coexisting with 
metallic silver is about 1.7°C lower than the transformation temperature of Ag2S coexisting with liquid sulfur 


in accordance with observations made by Kracek. 





INTRODUCTION 


_ VARIABILITY of the Ag/S ratio in silver sulfide 
was first indicated by the dependence of the 
electrical conductivity on the sulfur partial pressure of 
the ambient gas found by Tubandt and Reinhold.! At 
00°C the electrical conductivity of AgsS decreases 
fom about 900 to 45 ohm™ cm on increasing the 
ulfur partial pressure up to saturation. Further meas- 
urements have been made by Reinhold and Méhring? 
and Reinhold and Schmitt.’ More recently, Hebb‘ de- 
duced the electronic component of the conductivity of 
§AgeS at 27°C as a function of the chemical potential of 
ilver from measurements on polarized samples. 

The change in the Ag/S ratio in AgeS has been de- 
termined by Reinhold and Schmitt? at sulfur partial 
pressures above 0.1 mm Hg. Since these measurements 
cover only a small range of the sulfur partial pressure, 
futher experiments have been made in order to de- 
termine the variation of the Ag/S ratio as a function of 
the chemical potential of silver with the aid of an 
electrochemical method described below. The tempera- 
ture range from 160 to 300°C was chosen in order to 
obtain results for both a AgS (stable above 178°C) and 
3Ag.S (stable below 176°C). 


EXPERIMENTAL 
General Principles 
In the galvanic cell 
Ag|AgI|Ag.S| Pt, 


‘lver iodide is essentially an ionic conductor.’ The 
chemical potential of silver in the AgsS phase, pag, is 
therefore related to the electromotive force E of the cell 


—e=--——— 


iC Tubandt and H. Reinhold, Z. Elektrochem. 37, 589 (1931). 
103 Reinhold and H. Méhring, Z. physik. Chem. B 28, 178 
19) ‘Reinhold and K. Schmitt, Z. physik. Chem. B 44, 75 
M. H. Hebb, J. Chem. Phys. 20, 185 (1952). 

C. Tubandt, Z. anorg. u. allgem. Chem 115, 105 (1921). 


by® 
(1) 
where ag’ is the chemical potential of silver in its pure 


state and § is the Faraday constant. 
From the equation 


2Ag+S=Ag,S, 


MAg—MAg’= we ES, 


(2) 
(3) 


Since the variation of the Ag/S ratio is very small, the 
chemical potential of silver sulfide, wages, is practically 
constant and equal to the value wages® for the standard 
state. The value of wages is determined by the chemical 
potentials of the pure components and the standard free 
energy of formation of Ag.S, AF°(2Ag+S=Ag.S), which 
according to Reinhold’? may be obtained from the 
electromotive force F° of the cell Ag| AgI| AgeS| Pt+S(I). 
Thus 


AF®(2Ag+S= AgoS) = wages’— 2uae°—pus®= —2E°S. (4) 


it follows that 
2uagtus= Ages. 


Upon combining Eggs. (1), (3), and (4), it follows that 


us—pus’= —2(E°— E)S. (5) 


Thus the electromotive force E of the cell 
Ag|AgI|Ag.S| Pt 


gives the chemical potentials of both components in 
Ag.S. 

To define the initial stage of the AgoS sample, an 
initial potential of 0.05 volt may be forced on the 
foregoing cell. 

A well-defined amount of silver may be added to, or 
removed from, the AgsS sample by sending a current 7 
during time ¢ across the cell. If a positive current flows in 
the cell from the left to the right, Agt ions enter the 
Ag.S pellet via the AgI pellet and electrons are furnished 
from the platinum electrode. In silver sulfide both Agt 


6 C, Wagner, Z. Elektrochem. 40, 364 (1934). 
7H. Reinhold, Z. Elektrochem. 40, 361 (1934). 
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Fic. 1. Measuring circuit for the cell Ag|AgI|Ag2S|Pt. V 
tube voltmeter. C; circuit for applying a definite potential to cell, 


S: switch; R; resistor (1 ohm); R2 variable resistor (30 ohms);, 


B, battery (1.5 volt); Ai, A2 milliammeters. C2 circuit for passing 
current through cell; S2 switch; S; reversing switch; A; multi- 
range milliammeter; R; variable resistor (10° ohms); B; battery 
(30 volt). 


ions and electrons are mobile,*~? and thus a uniform 
Ag/S ratio r throughout the Ag2S sample is obtained. If 
the current is reversed, Agt ions and electrons are 
removed. 

The change in the Ag/S ratio r in Ag2S with respect 
to the state of Ag2S in a cell involving E=0.05 volt is 


| Ar| =9q/ns5=it/nsf, (6) 


where g is the number of coulombs passed across the cell 
and mg is the number of g-atoms of sulfur in the AgoS 
sample. 

The method used in this investigation may be called a 
solid-state coulometric titration. 

If the Ag/S ratio is increased so far that the potential 
of the cell becomes zero, an additional amount of charge 
passing through the cell leads to deposition of silver 
in Ag2S. 

On the other hand, if the Ag/S ratio is decreased by a 
certain critical amount, liquid sulfur will be formed as a 
new phase. Then the potential of the cell reaches the 


limiting value #°. According to Reinhold,’ E° equals 


0.230 v at 200°C. 


Preparation of Samples 


Silver sulfide was prepared by synthesis from the 
elements. The first batch of Ag:S was obtained by 
heating silver pellets and excess sulfur together in a boat 
in an atmosphere of purified argon at 220°C. Excess 
sulfur was removed by subsequent heating to 400°C. A 
second batch of AgeS was prepared according to the 
procedure used by Hénigschmid and Sachtleben." Sulfur 
was precipitated from a solution of sodium thiosulfate 


8 C, Tubandt and H. Reinhold, Z. anorg. u. allgem. Chem. 160, 
222 (1927). 

*C. Wagner, Z. physik. Chem. B 21, 42 (1933) ; 23, 469 (1934). 

C. Tubandt and H. Reinhold, Z. physik. Chem. B 24, 22 
(1934). 

110, Hénigschmid and R. Sachtleben, Z. anorg. u. allgem. 
Chem. 195, 207 (1931). 


by adding sulfuric acid and was purified by vacuum 
distillation. To prepare silver sulfide, a boat containing 
purified sulfur was placed in a furnace together with a 
boat containing silver pellets, and a stream of argon was 
passed over the two boats. 

Pellets of AgeS with a diameter of 0.635 cm and a 
thickness of 0.1 to 0.4 cm were pressed in a die. 


Electrical Circuit 


A cell consisting of a AgI and a Ag.S pellet between a 
silver and a platinum foil was assembled in a glass tube. 
Sufficient electrical contact was secured by applying a 
slight pressure with the aid of steel springs. All experi- 
ments were made in an atmosphere of purified argon. 

The electrical circuit is shown in Fig. 1. To define the 
initial state, a potential of 0.05 volt was applied to the 
cell by passing a current of 0.05 amp through resistor 
R, (=1 ohm) and closing switch Sj. 

To obtain E—g curves, a current of appropriate in- 
tensity was sent through the cell by closing switch S, in 
Fig. 1. After each 5 seconds, switch Sz was opened and 
the resulting potential was read. The intensity of the 
current was chosen so that the total time for increasing 
the potential from 0.01 to 0.20 volt was between 30 and 
120 seconds. Thus currents of 0.002 to 0.010 amp for 
a Ag2S and of 3X 10-5 to 1X10~* amp for 6B Ag.S were 
used. 


Experimental Results 
1. Results for a AgeS 


At 200 to 300°C steady potentials were obtained 
within a couple of seconds. This indicates that a 
virtually uniform Ag/S ratio presupposed in the deriva- 
tion of Eq. (1) is reached within a very short time, asis 
expected in view of the high value of the interdiffusion 
coefficient of silver in Ag2S calculated below. 

Up to a potential E=0.2 volt, the same potential Eis 
obtained by passing a given charge with different cur 
rent intensities. Measurements with a graphite electrode 
instead of a platinum electrode gave essentially the 
same results. 

Values of g for a given change in the potential E have 
been found to be proportional to the mass of the 
sample. Different batches of AgsS gave practically equal 
results. Thus the potential E is a single-valued function 
of the value Ar calculated from Eq. (6). Results are 
shown in Figs. 2 and 3. 

The potential changes are reversed when equivalent 
amounts of electrical charge are passed in the opposite 
direction. After completion of a cycle the initial p- 
tential of 0.05 volt was obtained provided that the 
potential did not exceed 0.20 volt, since sulfur vaporizes 
at higher potentials. 

If the potential of the cell exceeded 0.2 volt, the 
potential dropped slowly after switch S» in Fig. 1 had 
been opened. Under these conditions the sulfur partial 
pressure is appreciable, and thus sulfur is lost by 
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INVESTIGATIONS ON SILVER SULFIDE 


vaporization. Preuner and Schupp,” Braune, Peter, and 
Nevelling, and Braune and Steinbacher“ have shown 
that sulfur vapor contains various types of molecules, 
viz., Se, Sa, Se, and Ss. The partial pressure ps, of 
molecules S, involving v atoms of sulfur is related to the 
chemical potential by the general formula 


ps,/ps,°= exp» (us—us°)/(RT) ], (7) 


where ps,° is the partial pressure of molecules S, over 
liquid sulfur, which has been calculated by Braune, 
Peter, and Nevelling.* From Eqs. (5) and (7) and 
values of E° reported by Reinhold,’ the partial pressure 
of each type of molecule as a function of the potential E 
of the cell is obtained as 


ps,/ps,°= exp — 2v(E°— E)S5/RT ]. (8) 


Numerical values are indicated on the right-hand side 
of Figs. 2 and 3. At 200°C the partial pressures of all 
types of sulfur molecules are lower than 10~* atmos, and 
thus volatilization of sulfur is negligible. At potentials 
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Fic, 2. Potential of cell Ag| AgI| AgsS| Pt vs Ag/S ratio r at 200°C. 


exceeding 0.2 volt, however, the volatility of sulfur 
increases rapidly. 

Incidentally, the observation of steady potentials 
below E=0.20 volt seems to be in conflict with the 
results of conductivity measurements of previous au- 
thors. Tubandt and Reinhold! found that the electrical 
conductivity of AgeS wires changed rapidly when a 
current of nitrogen loaded with sulfur was replaced by a 
current of pure nitrogen, or conversely. The electrical 
conductivity in nitrogen was essentially the same as the 
limiting value observed by Reinhold and Schmitt* 
without the presence of a carrier gas when the sulfur was 
frozen out below — 80°C. If the sulfur partial pressure is 
lower than about 10-* atmos or E<0.2 volt, vaporiza- 
tion of sulfur in a gentle stream of nitrogen is almost 


_ hegligible as has been pointed out above. It is therefore 


Probable that in the experiments of Tubandt and 


_ Reinhold! sulfur was not vaporized but removed by 


me Preuner and W. Schupp, Z. physik. Chem. 68, 129 (1909). 
Braune, Peter, and Nevelling, Z. Naturforsch. 6a, 32 (1951). 
H. Braune and E. Steinbacher, Z. Naturforsch. 7a, 486 (1952). 
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Fic. 3. Potential of cell Ag| AgI | Ag2S| Pt vs Ag/S ratio r at 300°C. 


reaction with the nickel wires used as leads. If no sulfur 
in the gas phase is present, nickel may react with Ag.S 
and yield nickel sulfide and excess silver dissolved in 
Ag2S and finally metallic silver. This interpretation 
reconciles seemingly conflicting observations. 


2. Results for 8B AgeS 


At 160°C, considerable drifts of the potential were 
observed after a current had been passed through the 
cell. For samples about 0.1 cm thick, a nearly steady 
potential was obtained aiter 30 seconds. In spite of this 
relatively long waiting period, there were considerable 
hysteresis effects, i.e., the E—g curves for removal and 
addition of silver did not coincide. Measurements with a 
graphite electrode instead of a platinum electrode 
showed hysteresis to about the same extent. It is there- 
fore unlikely that hysteresis effects are caused by elec- 
trode reactions. In view of uncertainties due to hysteresis, 
only the order of magnitude of the variability of the 
Ag/S ratio can be reported. At 160°C, the change in the 
Ag/S ratio was found to be 3(+1)X10-° g-atom 
Ag/mole Ag2S for a change in the potential E from 0.18 
to 0.0 volt. 

E—gq curves for 8 AgoS show a maximum of the slope 
between E=0.12 and 0.15 volt. Wagner and Schottky" 
have pointed out that in disordered crystals a maximum 
of the slope of chemical potential vs composition curves 
occurs at the ideal stoichiometric composition if non- 
thermodynamic lattice imperfections can be disre- 
garded, and the concentrations of “disorder centers”’ 
such as interstitial ions, ion vacancies, excess electrons, 
and electron holes are sufficiently small so that their 
interaction is negligible and classical statistics repre- 
sents an adequate approximation. Although non- 
thermodynamic lattice imperfections in 6 Ag2S may 
play some part, the conclusion is drawn that the ideal 
stoichiometric Ag/S ratio in 8 Ag2S is reached between . 
E=0.12 and 0.15 volt where the slope of the E—g 
curves has a maximum value. For the following evalua- 


se 5 Wagner and W. Schottky, Z. physik. Chem. B 11, 163 
931). 
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tion it is assumed that the ideal stoichiometric ratio is 
reached at E=0.15 volt. Since the total variation of the 
Ag/S ratio in 6 Ag,S is as low as 3X 10~, it is estimated 
that the Ag/S ratio in 8 Ag2S at 160°C and a potential 
E=0.15 volt differs by not more than 1X 10-5 from the 
ideal ratio ro>= 2.000. 


3. Investigations on the B—a Phase Transformation of Ag2S 


To determine the absolute value of the Ag/S ratio in 
Ag-S for a given potential £, the transformation of 


TABLE I. Ag/S ratio r in a Ag2S at E=0.20 volt. 








Ag/S ratio r from 
8 —a transf. a—8 transf. 


2.00010 
2.00016 


Temp. (°C) 


200 
300 





2.00012 








B AgeS to a Ag2S was studied in a furnace of low heat 
capacity whose temperature could be raised from 160 to 
200 or 300°C in a couple of minutes. 

When a cell having an initial potential of 0.15 volt at 
160°C was heated above the transformation tempera- 
ture without passing a current, i.e., at constant composi- 
tion of the sample, the potential rose to about 0.22 volt 
and then slowly drifted to lower values. This is charac- 
teristic of a cell with AgsS from which sulfur vaporizes. 

Sulfur losses may be prevented by adding silver to the 
sample during the transformation. To this end, switch 
S, of the circuit C; in Fig. 1 was closed and a potential of 
0.15 volt was maintained across resistor R;. The current 
passing through the cell was measured by a milliamme- 
ter A» having an internal resistance of 36 ohms. After 
two minutes the current had dropped to a relatively low 
value. Then switch S; was opened and the potential 
E’ (0.16 to 0.18 volt) was read after the final tempera- 
ture had been reached. The change in the Ag/S ratio of 
the sample due to the flow of a current during the 
transformation was calculated from the current-time 


TaBLeE II. Ag/S ratio in a Ag2S coexisting with metallic silver. 








Temp. (°C) r 


200 2.0020 
300 2.0025 











integral and the number 5 of moles of Ag2S as 


6= ( f iat) / Fs. (9) 


If it is assumed that the sample initially had ideal 
stoichiometric composition, i.e., r= 2, the Ag/S ratio of 
‘ the sample corresponding to a potential E’ after the 
transformation equals r(£’)=2+6. Then the ratio r(£) 
at any potential £ is obtained as 


r(E)=2+6+[Ar(E)—Ar(E£’) J, (10) 
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where the values of Ar(£) and Ar(E’) are to be taken 
from Figs. 2 and 3. Numerical values of r for 200 and 
300°C and E=0.2 volt are presented in Table I. 


4. Investigations on the a—B Phase Transformation 
of AgS 


When a cell having an initial potential between 0,0 
and 0.2 volt is cooled from 200 to 160°C, the potential 
drops to zero. This indicates that a AgeS decomposes to 
6 Ag2S and metallic silver if the initial potential is lower 
than 0.2 volt. To determine the Ag/S ratio in a Ag,S in 
a cell having an initial potential of E=0.2 volt at 200°C, 
the potentiometer of the circuit C; in Fig. 1 was set to 
0.15 volt and switch Si; was ciosed as soon as the 
transformation had started and the potential of the cell 
had dropped below 0.15 volt. Thus 8 AgeS with a 
virtually ideal Ag/S ratio r=2 was obtained. The 
amount of silver removed during the transformation 
was calculated from the current-time integral by 
recording the potential drop across a 2-ohm resistor in 
circuit C; (not shown in Fig. 1) by means of a Leeds and 
Northrup Speedomax recorder. The current was limited 
by a resistor of 100 ohms in series. As is shown in 
Table I, the value of r(E=0.2 v) obtained with this 
method agrees satisfactorily with that of the first 
method based on the B—a transformation. 

Upon adding the difference in the Ag/S ratio between 
0.20 and 0.0 volt to the value of r at E=0.20 volt, the 
Ag/S ratio r at E=0.0 volt, i.e., for AgeS coexisting with 
metallic silver is obtained (see Table II). 

Likewise, values of r for other values of E are ob- 
tained and are shown on the upper abscissa of Figs. 2 
and 3. 


DISCUSSION 


In view of the volatility of sulfur, the electrochemical 
method does not give results for AgeS when nearly 
saturated with sulfur. By means of a gravimetric 
method, Reinhold and Schmitt? have determined the 
sulfur excess with respect to the composition of a sample 
coexisting with metallic silver. Sulfur partial pressures 
between 0.1 mm Hg and the saturation pressure of 
sulfur were used. Values for AgeS wires were found to be 
higher than values for compressed Ag2S pellets. Ac 
cording to Reinhold and Schmitt,’ this divergence sug- 
gests adsorption rather than a bulk phase equilibrium. 
This conclusion is supported by the peculiar dependence 
of the sulfur excess on the sulfur partial pressure. In the 
following discussion the behavior of silver sulfide at 
sulfur partial pressures exceeding 0.1 mm Hg is there- 
fore disregarded. 

Silver sulfide may be considered as an ionic com- 
pound. Disorder in the sublattice of sulfur ions seems 
negligible in view of the large size of sulfur ions and 
their extremely low diffusivity.!*—8 

16H. Braune and O. Kahn, Z. Elektrochem. 31, 576 (1925). 

17M. Haissinsky and D. Peschanski, J. chim. phys. 47, 19 


(1950). 
18D. Peschanski, J. chim. phys. 47, 933 (1950). 
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In a Ag2S, silver ions are distributed virtually at 
random among a large number of nearly equivalent 
lattice sites as has been deduced from x-ray investiga- 
tions by Rahlfs. Accordingly, the chemical potential of 
Agt ions, wagt, is essentially independent of deviations 
irom the ideal stoichiometric ratio. Thus it follows from 
the general relation wag*++.= wag that the change in the 
chemical potential of the electrons, u., is essentially 
equal to the change in pag, i.e., in view of Eq. (1), 


du=dus,= —d (ES). (11) 


An excess of silver in a AgeS corresponds to preva- 
lence of excess electrons, i.e., m-type conduction. This is 
in accordance with the negative sign of the Hall effect 
found by Klaiber” and the fact that the electrical 
conductivity of a AgeS increases with decreasing sulfur 
partial pressure.!:.7! 

If the presence of electron holes and electrically 
neutral silver atoms is disregarded, the excess of silver, 
(—2) mole Ag/mole Ag.S, is equivalent to the number 
of excess electrons per unit volume, (V/V), i.e., 


[(r—2)/Vm \No= (N/V), (12) 


where Vo is Avogadro’s number and V,,,=35 cm’ is the 
molar volume of Ag»S. 
For a free-electron gas, Sommerfeld* has derived the 


formula 
N 2h' 
(Dlg roven 
V/ 3(8mkT)? 


where m is the electronic mass, & is the Boltzmann 
constant, # is Planck’s constant, and the Fermi-Dirac 
function F is defined by 


(13) 


urdu 
exp(u—ue/RT)+1 


Since according to Eqs. (12) and (13) F is propor- 
tional to (r—2) and therefore d InF/d In(r—2)=1, it 
follows that 


d(ue/RT) d(ue/RT) d\inF d(u./RT) 
dinfe—2) diaF ding—-2) éiaF 
Substitution of Eq. (11) in Eq. (15) yields 
d(ES/RT) [ dinF 7° 
ed 


For AgeS coexisting with metallic silver at 200°C, the 
left-hand member of Eq. (13) is found to be 0.61. Ac- 
tording to tables of the Fermi-Dirac function computed 
by McDougall and Stoner,” a value of F (u-/RT)=0.61 


me Rahlfs, Z. physik. Chem. B 31, 157 (1935). 
ps F. Klaiber, Ann. Physik (5) 3, 229 (1929). 
a Wagner, Z. physik. Chem. B 22, 181 (1933). 
mi Sommerfeld, Z. Physik 47, 1 (1928). 
. McDougall and E. C. Stoner, Trans. Roy. Soc. (London) 
A237, 67 (1938). 





F(u-/RT)= f 
0 





(15) 





(16) 
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corresponds to u./RT=—0.13 and [d InF/d(u./RT) }"' 
= 1.23, slightly greater than the limiting value of 1.00 
according to classical statistics, whereas a (E¥/RT) 
vs In(r—2) plot gives a slope of —3.0 at E=0. Thus, the 
equality postulated in Eq. (16) is not confirmed. 

Actually there is no free-electron gas in Ag2S in view 
of a nonuniform electrostatic potential. Also under 
these conditions, the number of states for electrons at 
the bottom of the conduction band is proportional to 
the square root of the energy ¢e, but the proportionality 
factor differs from that for a free-electron gas. This 
divergence may be accounted for by introducing an 
effective electronic mass m* defined by the relation 
d*¢/dk?= h?/4x*m* where k is the wave number.** From 
the experimental results of the present investigation, the 
effective mass may be calculated in the following way. 
In view of Eq. (16) the negative slope of the (E¥/RT) 
vs In(r—2) plot for E=0 is equal to [d InF/d(u./RT) |" 
i.e., equal to 3.0, which corresponds to a value of 
F(u./RT)=5.77 according to tables computed by 
McDougall and Stoner.” Substituting this value in Eq. 
(13) with m* instead of m and using Eq. (12), one may 
calculate m* and thus obtains the ratio of the effective 
mass to the electronic mass, m*/m= 0.22. 

In 6 AgeS most Agt ions occupy well-defined lattice 
sites as is indicated by the magnitude of the self- 
diffusion coefficient of Ag+ ions, which is obtained as 
7X 10-* cm?/sec from the transference number of cations 
and the electrical conductivity of 8 Ag2S at 160°C. The 
order of magnitude of the degree of disorder, i.e., the 
fraction of interstitial cations or cation vacancies may 
roughly be calculated as the ratio of the self-diffusion 
coefficient of silver in 8 Ag:S to the self-diffusion coeffi- 
cient in aAgeS (~1X10-* cm?/sec).”>:6 This gives a 
degree of disorder of about 10~*, which is much greater 
than the variability of the Ag/S ratio. Consequently, 
the concentrations of interstitial cations and cation 
vacancies in 6 Ag2S at 160°C are practically independent 
of variations of the Ag/S ratio. The same is true for the 
chemical potential of silver ions. Thus Eq. (11) also 
holds for 8 AgS. Since the electron concentration is very 
low, formulas derived from classical statistics apply. 
Consequently, the concentration (V/V) of excess elec- 
trons in 6 Ag.S is related to the chemical potential of 
silver by 


(N/V)=constant X exp (uag/RT). 


The same dependence is obtained for the electronic 
conductivity if a contribution of the electron holes is 
disregarded and a constant mean free path is assumed. 
This is in accordance with considerations of Hebb‘ and 
his evaluation of experimental data for 8 Ag.S. 


*N. F. Mott and H. Jones, Properties of Metals and Alloys 
(Clarendon Press, Oxford, 1936), p. 95. 

26 Tubandt, Reinhold, and Jost, Z. anorg. u. allgem. Chem. 177, 
253 (1929). 

26 W. Jost and H. Riiter, Z. physik. Chem. B 21, 48 (1933). 
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THE USE OF SILVER SULFIDE FOR THE 
DETERMINATION OF THE ATOMIC WEIGHT 
OF SULFUR 


The foregoing results are of special importance in 
conjunction with the use of silver sulfide by H6nigschmid 
and Sachtleben" for the determination of the atomic 
weight of sulfur. These authors synthesized Ag2S with a 
slight excess of sulfur, and then heated samples in a 
gentle stream of nitrogen at 300°C until no further 
weight change was observed during several hours. As- 
suming ideal stoichiometric composition of their samples, 
H6nigschmid and Sachtleben deduced an atomic weight 
of sulfur equal to 32.066, which has been confirmed by 
_ subsequent work by Hénigschmid.”’ This value is also in 
close agreement with the value of 32.063 derived from 
the density of gaseous SO and H2S by Moles, Toral, and 
Escribano”’ and the value of 32.064 obtained from mass- 
spectroscopical investigations by Nier.” 

From the data presented in Table II it follows that at 
300°C silver sulfide may accomodate a silver excess as 
high as 0.12 percent. If, however, a sample containing 
excess sulfur is heated at 300°C, sulfur vaporizes with a 
noticeable rate only until a potential E=0.20 volt has 
been reached. At E=0.20 volt, the Ag/S ratio is 2.00016. 
This value would cause an error of —0.002 unit in the 
atomic weight of sulfur. The present investigation 
shows that the error in the atomic weight of sulfur due 
to deviations from the ideal stoichiometric ratio of Ag2S 
samples weighed by Hénigschmid and Sachtleben is 
relatively small, but a more definite conclusion cannot 
be drawn since volatilization of sulfur from Ag2S de- 
pends on too many unknown factors. 

The results of the present investigation provide the 
possibility to prepare Ag2S with a known Ag/S ratio by 
using a controlled atmosphere, or a temperature below 
178°C, since deviations from the ideal ratio in B AgoS 
are relatively small. Thus, in future work, one may 
either take into account or minimize deviations from the 
ideal Ag/S ratio. 


INTERDIFFUSION OF SILVER IN SILVER SULFIDE 


The rate of the reaction 2Ag(s)+S(l)=Ag2S(s) has 
been found to be inversely proportional to the instan- 
taneous thickness Aé of the reaction product, Ag)S. 
Thus diffusion of one of the reactants determines the 
rate. According to Wagner, silver ions and electrons 
are the migrating constituents. The rate, i.e., the number 
of equivalents of Ag2S formed per unit area per unit 
time, 7/A, equal to the number of moles Ag diffusing 
per unit area per unit times, is 


n/A=k,/Aé, 
where k, is the rational rate constant. 


270. Hénigschmid, Ber. Deutsch. Chem. Gesellsch. 75, 1814 
(1942). 

28 Moles, Toral, and Escribano, Trans. Faraday Soc. 35, 1439 
(1939). 

2 A. QO. Nier, Phys. Rev. (2) 53, 282 (1938). 

% C, Wagner, Z. physik. Chem. B 21, 25 (1933). 


(17) 
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On the other hand, Fick’s first law gives the relation 
n/A=— D(dc/dé), (18) 


where ¢ is the local concentration of silver in Ag.S in 
g-atom per unit volume, ¢ is the distance from the 
Ag—Ag.S interface, and D is the interdiffusion coeff- 
cient of silver between Ag2S samples involving different 
Ag/S ratios. The value of D depends on concentration ¢. 
Introducing an effective average interdiffusion coefi- 
cient Derr, we may rewrite Eq. (18) as 


n/A = Desic(AgeS+Ag)—c(AgeS+S) ]/Ag, (19) 


where c(Ag2S+Ag) and c(AgsS+S) are the silver con- 
centrations in AgeS coexisting with metallic silver and 
liquid sulfur, respectively. If the change in the lattice 
parameter with the Ag/S ratio is disregarded, we have 


c(AgeS+ Ag) —c(Ag2S+S) 
=([r(AgeS+Ag)—r(AgeS+S)]/Vn, (20) 


where V,,=35 cm? is the molar volume of AgeS and 
r(AgeS+Ag) and r(AgeS+S) are the Ag/S ratios for 
silver sulfide coexisting with metallic silver and liquid 
sulfur! respectively. 

If we substitute Eq. (20) in Eq. (19) and compare 
Eqs. (17) and (19), we obtain 


Dett= kV m/Lr(AgeS+Ag)—r(AgeS+S) ]. (21) 


The rate constant k, at 220°C equals about 1.6 10 
equivalent cm sec according to Wagner,” Reinhold 
and Seidel,*! and Croatto.” Thus it follows from Eq. (21) 
that : 


D¢2.8X 10 cm?/sec at 220°C. (22) 


This value is about three orders of magnitude greater 
than diffusion coefficients in liquid systems. It is also 
about 2.8X10* times greater than the self-diffusion 
coefficient D* of silver in AgeS, which is estimated to be 
of the order 1X10-® cm?/sec according to diffusion 
measurements on the system AgsS— Cu,S.”°.76 

The divergence between the interdiffusion and the 
self-diffusion coefficient is due to the fact that the 
mobility of electrons is much greater than the mobility 
of silver ions. When there is a gradient of the metal/non- 
metal ratio, metal ions and electrons migrate in the 
same direction, electrons having the tendency to move 
faster than silver ions. Thus there results an electrical 
potential gradient® which decelerates electrons and 
accelerates silver ions so that the actual migration rates 
are equal, and each volume element remains essentially 
electrically neutral. In most cases the interdiffusion 
coefficient is only two or three times greater than the 
self-diffusion coefficient of an ion.**.#4 Exceptional condi- 
tions, however, are found in silver sulfide in which the 
concentration of excess electrons is substantially lower 
than the concentration of disordered ions but conduc- 


31H. Reinhold and H. Seidel, Z. Elektrochem. 41, 499 (1935). 
2 U. Croatto, Gazz. Chim. Ital. 79, 458 (1949). 
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tion is preponderately electronic because the mobility of 
an excess electron is much greater than the mobility of 
an interstitial ion or an ion vacancy. This situation is 
encountered not only in Ag2S but also in Cu,S,-% 
Cu,Se,*-** CueTe,** and in KCI**-37 having a potassium 
excess. 

Since conduction in a Ag2S is mainly electronic, the 
diffusion rate of silver ions per unit area per unit time is 
obtained as*® 


n/ A= — D*c(d Inaa,/dé), (23) 


where @ag is the activity of silver. 
Upon comparing Eqs. (18) and (23), it follows that 


D/D*=d Inag,/d Inc. (24) 


Upon introducing the average diffusion coefficient 
Det: and the Ag/S ratio r, Eq. (24) becomes 


ro| Inaag(AgeS+S) | 
r(AgsS+Ag)—r(AgsS+S) 


where r9= 2 is the ideal Ag/S ratio and aag(Ag2S+S) is 
the activity of silver in AgeS coexisting with liquid 
sulfur, the activity of pure silver being taken as unity. 
Numerical evaluation of Eq. (25) gives Des/D*=5 
X 10°. 

Equation (25) may also be obtained from Darken’s® 
theory of diffusion in metallic systems.** The extreme 
situation found in Ag»S strongly supports Darken’s 
equation interrelating interdiffusion coefficient, self- 
diffusion coefficients, and activity coefficients in alloys. 





Dets/ D*¥= 


MEASUREMENT OF THE DIFFUSION POTENTIAL 
IN SILVER SULFIDE 


The diffusion potential across a Ag2S pellet in contact 
with silver on one side and with liquid sulfur on the 
other side has been determined by measuring the 
potential difference between two silver wires coated 
with AgCl (see Fig. 4). Since AgCl is an ionic conductor 
having a definite chemical potential of silver ions and 
the chemical potential of silver ions in a Ag.S is virtually 
independent of the Ag/S ratio, the potential difference 
across the phase boundary AgCl/Ag.S is essentially the 
same for the two probes. Thus the potential difference 
between the two probes gives directly the potential 
difference between points adjacent to the probes 1 and 2 
within the Ag2S pellet. At 200°C, a potential difference 
of 0.21 volt was observed. Probe 2 adjacent to liquid 

°C. Wagner, Z. physik. Chem. B 32, 447 (1936). 
asap Reinhold and H. Méhring, Z. physik. Chem. B 38, 221 

* H. Reinhold and H. Seidel, Z. physik. Chem. B 38, 245 (1937). 
aos Reinhold and H. Brauninger, Z. physik. Chem. B 41, 397 

- O. Stasiw, Nachrichten Gesellsch. Wissenschaften Géttingen 
(N.F.) 1, 147 (1935). 

*C. Wagner, “Diffusion and High Temperature Oxidation of 
Metals” in: Atom Movements (American Society for Metals, 
Cleveland, Ohio, 1951), p. 153. 


eat S. Darken, Trans. Am. Inst. Met. Mining Eng. 178, 184 
PO). 
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sulfur was found to be negative with respect to probe 1 
corresponding to the negative space charge caused by 
electrons moving ahead toward the Ag2S/S interface. 
Theoretically, a diffusion potential close to E>=0.23 
volt is expected,*-* if the probes are located exactly at 
the AgeS— Ag and the Ag2S—S interface. In view of the 
finite size of the probes, the actual potential difference is 
somewhat lower. 


THERMODYNAMICS OF THE PHASE TRANSFORMA- 
TION OF SILVER SULFIDE BETWEEN 
176 AND 178°C 


Kracek® has found that the temperature for equi- 
librium between a and 8 Ag.S in the presence of metallic 
silver is 1.6+1.1°C lower than in the presence of liquid 
sulfur. This temperature difference may be calculated 
from available thermodynamic data by a method similar 
to that used by Hauffe and Wagner" for the discussion 
of the liquidus of intermetallic compounds. 

In the following calculations, sulfur and silver are 
denoted as components 1 and 2 and their mole fractions 
as x; and %, respectively. Since 71=1—4%2, the mole 
fraction x2, temperature JT, and pressure P will be used 
as independent variables. The two phases, a and £, 





' [}-SLass 
Fic. 4. Setup for the measure- TUBE 
ment of the diffusion potential 
across a Ag»S pellet in contact s 











with silver on one side and with Ws 
liquid sulfur on the other side. 
1 and 2: Ag wires coated with 





AgCl. Diameter of the silver wires: — 
0.025 cm; height of the Ag.S pellet: ck! 
0.4 cm. Ag 











coexist if the chemical potentials of each component are 
equal, i.e., 


by (x2", T) — pr’ x2”, T) _ 0, (26) 
be’ (a2’, T) — po!" (x2"’, T) = 0, (27) 


where quantities referring to a and 8 Ag»S are marked 
by a prime and a double prime superscript, respectively. 
The molar free energy of either phase, F,,’ and F,,’’, 
respectively, may be expressed as the sum of the 
products of mole fractions and chemical potentials, 


Fy! (x2', T) = (1—%0")ur’ (%2', T)+-x0'u2' (x2, T), — (28) 
Fyn’ (x2”, T)= (1—x2"") yr” (x2”, T) 
tae! u2! (x2"’, T). (29) 


If instability with regard to the formation of liquid 
sulfur as another phase is disregarded, there is a 
temperature 7* at which the compositions of the 
coexisting phases are equal to each other. For this 
particular mole fraction x.* and temperature 7™* it 


4 F, C. Kracek, Trans. Am. Geophys. Union 27, 364 (1946). 
41K, Hauffe and C. Wagner, Z. Elektrochem. 46, 160 (1940). 
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follows from Eqs. (26) to (29) that 
Fn! (xo*, T*)— Fp!’ (xeo*, T*)=0. (30) 


For the temperature dependence of the difference 
Fn! (x2*, T)— Fm!’ (x2*, T) we have according to the 
xibbs-Helmholtz equation 


8 Fy! (xo*, T)—F mn" (x2*, T) 
aT 





Hy! (x2*, T)— Hm!" (x2*, T) 
T 





» (31) 


where H»m'(x2*, T)—H»'’(x2*, T) is the increase in 
enthalpy for the transformation of 8 phase containing 
(1—22*)=4 g-atom sulfur and x*222 g-atom silver to a 
phase. Denoting the heat of transformation of one mole 
of AgsS by AH,, and neglecting the effect of deviations 
from the ideal stoichiometric composition and depend- 


ence on temperature, we have 
Hm! (x2*, T)— Hm" (x2*, T) = 4 AH ty. 


Integration of Eq. (31) with respect to T yields in 
view of Eqs. (30) and (32) 


Fy! (x2*, T)—F yy’ (x2*, T)= 4(T*— 


(32) 


T)AH,,/T*. (33) 
From the Gibbs-Duhem equation 
(1— 2) (Opi /Ox2)+ 2 (Op2/Ix2) = 0, 


it follows by integration between mole fractions «2* and 
Xe that 


(34) 


r2 


X2 Ope 
—dx2, 
ro* 1—- Xo OX 


bi (Xe, T) =p (x2, r)— (35) 


which applies to either phase. 

If we multiply Eqs. (26) and (27) through by (1—.2*) 
and «*, respectively, add corresponding sides, substi- 
tute Eq. (35) for either phase, and rearrange terms, we 
have 


[(1—axo*) yy’ (2%, T) + 22% uo’ (x2*, T) J 
—[(1—ao*) ur’ (xe*, T) + 2% ue!” (x2, T) ] 


+ | ao*[ ue" (a2’, T) — po" (a2*, T) | 


= (1-— nf ae 
* 1|-— Xo" OX! 


e {Las (n2" T)— us! (xs*, T)] 
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Equation (36) may be simplified by the following 
mathematical transformation 


1 
72 2X2 Ope 
——dz, 
2* 1—%2 OX» 


u2(z.,T) Xo— X* 
=- ——dus 
& 


o(x2*,T) 1- Xe 


1 u2(z2,T) 
it f (x2—a2*)dus, (37) 
1-— Xeo* a (x9*,T) 


ws*Lua (x0, T)— uals", T)]— (1—23*) f 


which applies to either phase if 1. x,*. 

If we use Eqs. (28) for x2’=2,* and (29) for «2’’=2;* 
in Eq. (36), substitute Eqs. (33) and (37) in Eq. (36), 
and solve for 7*— 7, we obtain 


7 ue’ (xe, T) 
| f (x2 — x9) duo’ 

3 (1—a9*) AH tL ua’ (22,7) 
mo!’ (a9!’ T) 


a 


in either phase may be ex- 


T*-T= 





(a9/’— nds" | (38) 


The difference x.2—.2* 
pressed in terms of r, 


—x2*=1/(1+r)—1*/(1+r*) 


1 
= (r—r*)/[ (+r) G+) e-") (39) 


where r* is the Ag/S ratio corresponding to the mole 
fraction x2* at which the compositions of coexisting 
a AgeS and 6 Ag.S are equal, i.e., at which transforma- 
tion from 6 Ag2S to a Ag2S takes place without change 
in wag— mag’ or E. In view of the small variability of r for 
the 6 phase, r* may be assumed to be equal to the ideal 
value ro= 2.000. 

If we denote the limiting values of wa, in a and 6 Ags 
coexisting with metallic silver and elemental sulfur by 
uag(a+Ag), Mag(B+Ag), Mag(a+S), and Mag(B+55), Te- 
spectively, substitute Eqs. (39) in Eq. (38) applied (1) 
to the three-phase equilibrium a Ag»S+ AgeS+ Ag and 
(2) to the three-phase equilibrium a AgsS+ 6 Ag2S+5, 
and subtract corresponding sides, we obtain the differ- 
ence of the two three-phase equilibrium temperatures as 


T(a+6+S)—T(a+B+ Ag) 


1 T* [ pe’ (at+Ag) 
=— f (r’— r*) dso’ 
3 (1—2.*) AHL pe’(at+S) 


uo!’ (B+Ag) 
-f ("ry (40) 
i" 


2’’(B+S) 








(39) 


mole 
sting 
rma- 
ange 
r for 
ideal 


Ago 
r by 
, Te 
1 (1) 
and 
+5, 
ffer- 
PS as 
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Since the temperature dependence of the E vs r curves 
for a AgeS is relatively small, the value of the first 
integral may be obtained from Eq. (1) and Fig. 2. The 
value of the second integral is negligible since the 
maximum value of r’’—r* for 8 Ag2S is much less than 
the corresponding difference for a Ag2S. The heat of 
transformation equals AH,,=1050 cal/mole Ag2S ac- 
cording to Kapustinskii and Vesoloviskii.” Hence it 


# A. F. Kapustinskii and B. K. Vesolovskii, J. Phys. Chem. 
U.S. S. R. 11, 68 (1938); Chem. Abstracts 32, 8251 (1938). 


follows from Eq. (40) that 
T (a+B+S)—T(a+6+Ag)=1.7°, (41) 


in accordance with the value of 1.6+1.1° observed by 
Kracek.” 
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The detailed proof is given that the Gibbs-Helmholtz equation dAF ce1i/dT = — AS cen is directly applicable 
to any reversible galvanic cell, regardless of how the compositions of any phases present may vary with the 


temperature. 


N 1950 the present writer! published a paper dealing 
with the general application of the Gibbs-Helmholtz 
equation to reversible galvanic cells. In this paper it was 
stated, “The Gibbs-Helmholtz equation is derivable 
from very general principles, since it involves the rela- 
tionship of the temperature coefficient of reversible work 
and the corresponding isothermal entropy change. For 
this reason, it may be stated with confidence that the 
Gibbs-Helmholtz equation is directly applicable to any 
reversible galvanic cell.” It was thought at the time that 
the quoted paragraph would be a sufficient statement of 
the validity of the Gibbs-Helmholtz equation and that it 
would not be necessary to give the proof in detail. 
However, it has recently been pointed out to the writer 
that Li? has-objected to the statement quoted. In fact, 
Lisays, “Since Eq. (1) [dAF/dT = — AS] has originated 
from the fundamental form dF/dT=—S, which is 
derived for systems with temperature as the only 
independent variable, it is obvious that Eq. (1) is 
not applicable to any reversible galvanic cell operated 
at variable concentration, as pointed out by Brickwedde 
and Brickwedde.’” 

Although it is true that the Gibbs-Helmholtz equa- 
tion is usually derived in the manner indicated by Li, 
it is more general than this particular derivation indi- 
cates. The general derivation was first given by Helm- 
holtz# in the form (0&/0T)g=1/T(0q/8Q)r, where 


'R. E. Barieau, J. Am. Chem. Soc. 72, 4023 (1950). 

?J. C. M. Li, J. Chem. Phys. 19, 1059 (1951). 

3 F. G. Brickwedde and L. H. Brickwedde, Phys. Rev. (II) 60, 
172 (1941). 

*H. Helmholtz, Sitzber. Akad. Wiss. Berlin 1, 22 (1882). 


(06/08T)@ is the temperature coefficient of emf when 
no charge is allowed to flow and (dq/0Q)r is the iso- 
thermal absorption of heat by the cell from the sur- 
roundings per unit of charge flow. Helmholtz’s equation 
as derived is strictly accurate, only if the volume of the 
cell is kept constant during the isothermal change and 
also during the temperature change. Gibbs® was the 
first to derive the equation strictly applicable to rever- 
sible galvanic cells in which the pressure is maintained 
constant—-thus the name, the Gibbs-Helmholtz equa- 
tion. The general proof is as follows. 

We take as our system the entire galvanic cell, which 
is in contact with a thermostat at temperature 7. From 
the First Law of Thermodynamics, we may write for any 
change of the cell AE=q—w where AE is the change in 
internal energy of the galvanic cell, g is the heat ab- 
sorbed by the cell during the change, and w is the total 
work done by the cell, which includes work done against 
the atmosphere and also the electrical work. Now let us 
allow an infinitesimal change to take place reversibly. 
Then by the Second Law of Thermodynamics, g= TdS 
and we have dE=TdS—PdV—6&dQ where & is the 
emf of the cell and dQ is the infinitesimal amount of 
charge transferred during the infinitesimal change. 
dQ=$dN where § is the faraday and dN is the infini- 
tesimal number of equivalents of electricity transferred. 
Thus dE=TdS— PdV — &SdN. Except for a change in 
symbolism and for a term involving gravitational 
forces this last equation has been given by Gibbs.® 

5 The Scientific Papers of J. Willard Gibbs (Longmans, Green 


and Company, New York, New York, 1906), Vol. I, p. 411. 
6 Reference 5, p. 338. 
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We define F=E+PV—TS 
dF=dE+PdV+ VdP—TdS—SadT, 


or on substituting for dE, dF= —SdT+VdP— &SdN. 
Then for a reversible process at constant T and P, we 
have dF=— &SdN. Since F for a reversible galvanic 
cell is a function of three variables, it follows from the 
elementary laws of partial differentiation: 


(0F/0T)p,w=—S, 
(0F/ON )r, p= — 8S. 


Differentiating the first of these with regard to V and 
the second with regard to 7, it follows: 


(°F /dTAN) p= — (0S/dN)r, p= — F(0E/9T)n, p. 


The last equation means that the change in emf of 
a reversible galvanic cell with change in temperature, 
keeping pressure constant and allowing no charge to 
flow, is proportional to the entropy change of the cell 
as we allow current to flow in a reversible manner at 
constant pressure and temperature. During this deriva- 
tion we have said nothing about the phases present nor 
their composition nor how they change with tempera- 
ture. The last equation is therefore applicable to any 
reversible galvanic cell. 

The chemist, by convention, has taken to expressing 


os AS oF AF 
GG)... te)... 
ON/ pr N/ pr ON/ pr N/ pr 


Thus, the more familiar forms follow: 


AF .u= —NES 


d& GAF coi 
vs(—) =AS.e11 and ( ) = — AS ceil. 
P,N P,N 


dT dT 


Thus we see that the Gibbs-Helmholtz equation is 
applicable to any reversible galvanic cell. 


R. E. BARIEAU 


If we allow the cell to discharge reversibly and iso. 
thermally, the cell undergoes an entropy change which 
can be calculated from the heat absorbed by the cell 
from the surroundings. Now there is some process taking 
place within the cell which when expressed as a chemical 
equation will have an entropy change equal to the 
entropy change of the cell. This is the correct cel] 
reaction, and it is the only correct cell reaction because it 
is the only equation which actually expresses what is 
taking place within the cell when it discharges revers- 
ibly and isothermally. 

Li’ also says, ‘“‘As an example, for cells of the following 


type: 
H.(g)|H2SO,(m) saturated with CuSO,-5H:0(s) | Cu(s), 


where m is the molality of H2,SO, which is independent 
of temperature, the ‘‘correct” reaction is found to be: 


x+5y 
H2(g)+ CuSO, (in solution) 


1+5y 
1—x 
CuSO,-5H:,O(s) = H2SO, (in solution) 
1+5y 
5—5x 
+ H;0 (in solution)+Cu(s), 
1+5y 


OF Hs04 dF 20 
— ) and y=( — ) ; 
OF cuso4/ 7 OF cuso4/ 7 


where 


x= 


This reaction can no longer be written from Barieau’s 
principle: - -.” 

The answer to this criticism is that the system as 
postulated as being set up by Li would not be a revers- 
ible cell. CuSO, is supposed to react with He, but since 
these are in contact at the anode, they would react 
irreversibly at the electrode. The Gibbs-Helmholtz 
equation cannot, of course, be applied to such a system. 
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The entropy change calculated from the temperature coefficient of electromotive force of a reversible 
galvanic cell, in which the compositions of some of the phases vary with temperature, corresponds to a 
unique correct chemical reaction. The equivalence of methods suggested by Barieau and by Li for determin- 
ing this correct reaction is shown. The method of Barieau is simpler and more direct and presents the 


results in a more convenient form. 





N many galvanic cells two or more phases are in 

equilibrium and consequently, at constant temper- 
ature, there is more than one possible chemical reaction 
whose free energy change may be identified with the 
reversible electromotive force of the cell. If the temper- 
ature is varied, however, the compositions of the phases 
in general will change, and since the partial molal 
entropy of a component of the cell will be different in 
different phases, there is only .one correct chemical 
reaction whose entropy change corresponds to the 
temperature coefficient of reversible electromotive 
force of the cell. The choice of this correct reaction has 
been treated by Barieau' who stated the following 
principle: ‘“The processes that will take place between 
the phases in equilibrium are those that will maintain 
the phases in equilibrium.” From this point of view, 
which is certainly correct, the entropy change occurring 
in the complete cell is calculated from the Gibbs- 
Helmholtz equation and then Barieau’s principle is 
used to determine the correct cell reaction. 

An alternative point of view has been taken by 
Brickwedde and Brickwedde? and more recently by Li.* 
These authors prefer to speak of the free energy changes 
accompanying the separate reactions, each involving 
one of the phases that are in equilibrium. These AF’s 
are functions of composition as well as temperature and 
consequently in their temperature derivatives a term 
involving the change of AF with composition appears. 
As has been pointed out by Barieau,‘ Li’s contention 
that the Gibbs-Helmholtz equation cannot be applied 
to a reversible cell whose composition varies with 
temperature is not correct. Li further incorrectly stated 
that it was not possible to apply Barieau’s principle to a 
cell in which there was more than one concentration 
variable. It is, however, possible to determine the 
correct cell reaction with Li’s approach and the purpose 
of this note is to show the equivalence of the two 
methods. 

For simplicity we consider a cell in which the equilib- 
tium between only two phases need be considered, 
a pure solid phase Ro, and a liquid phase which contains 

'R. E. Barieau, J. Am. Chem. Soc. 72, 4023 (1950). 


a Brickwedde and L. H. Brickwedde, Phys. Rev. 60, 172 
\ 


*J. C. M. Li, J. Chem. Phys. 19, 1059 (1951). 
‘R. E. Barieau, J. Chem. Phys. 21, 1827 (1953). 


m-+1 components, Ro, Ri, . . . Rm. As the cell dis- 
charges, the chemical reaction that occurs may be 
written 


qgRo(soln) + (vo— q)Ro(solid) +3: v;R;=0. (1) 


7=1 


R; is the formula of the j-th chemical species and 7; is 
its coefficient in the chemical reaction, negative for 
reactants, positive for products, and zero for chemical 
species which are unchanged. As the reaction proceeds 
by an amount de then, in the solution, the change in the 
number of moles of component Ro is dno=qde and that 
of any other component R; is dn;=v,de. In order to 
write expressions in terms of intensive properties of the 
solution, it is desirable to introduce concentration 
variables. A convenient choice is c;=;/n;. Then 


dco= (1/m1) (q—cors)de, (2) 
= (1/m) (vj—cjn1)de. (3) 


The principle stated by Barieau! that the phases remain 
in equilibrium requires in this case the constancy of 
uo, the partial molal free energy of the species Ro. At 
constant pressure and temperature 


dug= (Bto/deo)deo+>- (Opuo/dc;) rdc;=0. (4) 


7=2 


In the partial derivatives, pressure and all concentration 
variables except those occurring explicitly as differen- 
tials, as well as the quantities indicated explicitly as 
subscripts outside the parentheses, are to be held 
constant. 

Substituting (2) and (3) in (4) one obtains 


montt (O¢0/9C3)7, uo (¥j—C5v1). (S) 


j=2 


In the alternative method the free energy change of 
the reaction is written 


™ 


AF= vjuj+ uo(soln)+ (vo—9)uo(solid). (6) 


j=1 


One considers AF a function of concentration variables 
as well as pressure and temperature. However, as the 
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temperature changes, the only concentration variables 
'which may be permitted to change are those arising 
from redistribution of material among the different 
phases. In this case, therefore, all concentration 
variables except co are independent of temperature. 
One then writes 


dAF /dT = (@AF/8T)+ (@AF/dc0) 7 (deo/dT) 
= —AS+ (QAF /0co) r(deo/dT) (7) 


(dAF/dq=0 since yo is equal in the two phases). 

In order that the entropy change of the reaction be 
given by the temperature coefficient of electromotive 
force of the cell, it is necessary that the second term be 
zero. If there is zero temperature coefficient of the 
solubility of the solid phase then dAF/dT gives the 
correct AS regardless of the value of g, and one would 
have to ask about the higher derivatives such as AC, 
to determine the correct value of g. In general, however, 
dco/dT is not zero and the equation determining q is 
therefore (@AF/dco)r=0, or 


r v;(Op;/ Co) r+9(Ou0/ dco) r=, (8) 


j=1 


= -E v;(Ou;/Opuo)r. (9) 


This corresponds to the result obtained by Li.’ It should 
be emphasized that in the partial derivative (Ou ;/Ou0)r 
all concentration variables except co are held constant. 
The equivalence of (9) and (5) is readily shown. One 
may write the Gibbs-Duhem equation 


Cok (Opis Ou) 4S: c7(Bp;/An)2=0. 


j=2 


(10) 
Substituting (10) in (9) one obtains 


q= anon, i (vj;— v1) (Ou;/ Apo) 7. (11) 


j=2 
From the definition of partial molal quantities 


(Ou ;/Oco) r= (Op0/dc;)r. 
Therefore 


(Ou j/Opn0) r= (Opo/Oc;)7/ (Ou0/8C0)r 
= — (0¢0/dc;)7, bo. 


Substituting (12) in (11) one obtains (5). 

The cell treated by Li’ has been criticized by Barieau‘* 
because in it there would be an irreversible reaction of 
hydrogen gas and copper sulfate. As an example we 


(12) 
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shall choose a cell* which does not suffer from this 
defect, but has the characteristic present in Li’s cel] 
that there is more than one concentration variable in 
the cqueous phase. Consider the cell H»(g)|HCl(c,), 
NaCl (sat)|NaCl, AgCl, Ag. The reaction may be 
written 


H2(g)+2AgCl(s) —gNaCl (co)+qNaCl(s) 
= 2HC1 (c2)+ 2Ag(s) 


where cy and ¢2 are concentrations (moles per mole 
water) in the aqueous phase of NaCl and HCl, respec. 
tively. The other component (water) is designated by 
the subscript 1. Then »=0, »,=0, ve=2, and from 
Eq. (5) 

g= 2 (0c0/0C2)7,u0. 


The equivalent expression from (9) is 
Q= — 2 (Op2/Op0) 7.02. (14) 


In contrast to Eq. (14), Eq. (13) is in a form convenient 
for the introduction of experimental data since by using 
it g may be calculated from measurements of the 
solubility of NaCl in solutions of varying HCl con- 
centration. 

The extension of the above treatment to cells where 
additional pure solid phases are present is not difficult. 
When a solid phase of variable composition is present, 
as is the case with two-phase amalgam electrodes, 
the method suggested by Li becomes more complicated 
since the variations of composition variables in the 
two phases are not independent. In all cases the method 
of Barieau is simpler and more direct and the results 
appear in a convenient form. 

Barieau! noted that in the cases considered by him 
the correct reaction involved total phase so that the 
change in thermodynamic properties could be written 
as differences between total quantities for the various 
phases rather than involving partial molal quantities. 
This is because in his examples the number of phases in 
equilibrium is equal to the number of components and 
so at constant pressure and temperature the composition 
of the phases must remain constant if they are to 
remain in equilibrium as the cell discharges. Therefore 
total quantities of the equilibrium phase concentrations 
must be used up or produced. In fact the correc! 
equation in all the cases treated by Barieau may be 
immediately written down by requiring that total 
quantities are involved and that the reaction be 
balanced. When, however, the number of components 
exceeds the number of phases, as in the example treated 
in this paper, then the composition of the phases may 
change as the cell discharges and partial molal quantities 
are involved in the change of thermodynamic quantities. 


(13) 


*I am indebted to Dr. R. E. Barieau for suggesting this cell. 
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This paper continues the discussion of data given in a previous 
paper on the second term in the “local conductivity” of ice. It is 
inferred that the H2O molecules in internal surfaces are engaged in 
a special kind of random walk, in which the molecule is always 
attached to the surface by one chemical bond. This is described as 
bipedal random walk. It occurs with an activation energy of 5.2 
kcal/mole (0.23-electron volt per molecule). On the other hand, 
molecules which jump up into field-free space and return to the 
surface have to acquire an energy of 11.5 kcal/mole (0.5 ev/mole- 
cule). The ratio of the corresponding Boltzmann factors is about 
10-° at O°C and about 10-* at —100°C; this implies that the 
dominant mode of diffusion in internal surfaces in ice is bipedal 
random walk. 

The migration of a water molecule on an ice surface is a special 
type of diffusion process. The general formulas of the theory of 
stochastic processes and diffusion become available for the 


description of the diffusion of water molecules in a surface if the 
appropriate expression for the diffusion constant D is substituted 
in the formulas. A new procedure is used to calculate D from the 
Einstein relation. Instead of using the direct-current conductivity, 
the second term of the local conductivity is used. The expression 
for the diffusion constant derived from the model for local con- 
ductivity is D,.=3.5X10~ exp(—5.2X108/RT) cm/sec, where 
the activation energy 5.2 X 10° cal/mole, is derived from the second 
term in the local conductivity of ice. This leads to a rather explicit 
model of the diffusion process: it may be described as bipedal 
random walk of the water molecule by the breaking of one bond at 
a time with an activation energy of 0.23-electron volt associated 
with each step. 

It is pointed out also that the water molecule on an internal 
surface has a polarizability characteristic of the surface structure. 





INTRODUCTION 


[S a preceding paper a method of determining the 
concentration of molecules on internal surfaces in 
ice was described and illustrated.' The experimental 
relations described there will be used here to derive 
further information regarding the conditions prevailing 
in surfaces, internal or external. 

A part of the significance of the present discussion 
lies in showing that while a surface has a crystalline 
structure, its molecules are in a state of rather active 
continual migration—an internal surface can be pictured 
as having a great deal more migrational activity than 
the homogeneous parts of the crystal. The quantitative 
basis for this is derived from measurements of the 
activation energy for the local conductivity of ice. 

Moreover, while it is evident that in general the 
molecules of a surface migrate about in some kind of 
diffusional motion (random flight), we attempt here to 
show that there is sufficient evidence in available experi- 
mental relations to reduce this general motion to a more 
regular motion which we describe as bipedal random 
walk. 


MODEL OF SURFACE POLARIZATION 
AND MIGRATION 


A. The Water Molecule on an Ice Surface 


When we picture how a water molecule is attached to 
an internal surface in ice, some interesting things 
appear. The water molecule is a tetrahedral structure 
with an oxygen atom at the center, a proton at each of 


, two vertices, and centers of negative charge at the other 


two vertices.? (This structure is derived mainly from 


| infrared spectra and from the electric moment of the 


H;0 molecule.) Each proton can then form a hydrogen 


'E. J. Murphy, J. Chem. Phys. 19, 1516 (1951). 
*See Bernal and Fowler, J. Chem. Phys. 1, 515 (1933). 


bond to a complementary point or spot on an adjacent 
molecule. For the present purpose no features of the 
structure of the water molecule are needed other than 
that it is attached to the “surface” of the ice by two 
geometrically distinct chemical bonds and that it has 
an electric moment different from zero. 


B. A Characteristic Surface Polarization 


Such a molecule can pivot on the one bond while the 
other bond dances back and forth between two at- 
tracting points on the surface at each of which it forms 
momentarily a hydrogen bond. During this oscillation 
the molecule is contributing to the second term of the 
local conductivity. The activation energy for this 
process is 5.2 kcal/mole, or 0.23 ev per molecule. The 
distance moved by the proton in the oscillatory motion 
may be assumed to be about 0.78A, that is, about the 
same distance as in the interior of the crystal. Therefore, 
the conduction formula used in a preceding paper* 
should also apply to the local conductivity contributed 
by this type of motion, but the concentration factor (7) 
will, of course, be much smaller than the total number of 
hydrogen bonds per cc. 


C. Comparison with Orientational Polarization 
and Interfacial Polarization 


The polarization process described above may also be 
put in terms-of the effect of the applied field upon the 
distribution of the orientations of the electric moment 
vectors of the surface molecules as they step from one 
point of attachment to the surface to the next. Since the 
internal surfaces are oriented at random with respect to 
the direction of the applied field, the distribution of the 
orientations of the molecules can be influenced by it in 
much the same way as in the Debye theory for the 


3E. J. Murphy, Phys. Rev. 79, 396 (1950). 
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_ polarization due to free polar molecules. In fact, this 
polarization is a special type of orientational polarization. 

The internal surface polarization which we have been 
discussing is, however, quite different from interfacial 
polarization or Maxwell-W agner polarization (with which 
it. might be confused). The latter is not a molecular 
polarization: it has its origin in the existence of differ- 
ences between the conductivities or dielectric constants 
(or both) of different parts of the dielectric; thus its 
properties are determined by the properties of the 
different homogeneous parts of a heterogeneous system. 
The internal surface polarization, on the other hand, is a 
molecular polarization ; it derives its properties from the 
characteristics of the structure of the internal surface 
itself. Its properties refer both to the static or average 
aspects of structure and to the lability or local mobility 
of the surface structure. 


D. Migration by Bipedal Random Walk 


The two hydrogen bonds of the H:O molecules are 
completely equivalent. Therefore, after the molecule has 


© OXYGEN 
@ HYDROGEN 


Fic. 1. Migration of an HO molecule on an ice surface. The 
molecule makes a contribution to the dielectric polarization while 
it pivots on one bond and dances back and forth between equiva- 
lent points of attachment of the other bond. This polarizability 
appears in the second term of the local conductivity. The migration 
of the molecule may be described as bipedal random walk in which 
an activation energy of 0.23-electron volt is required for each step. 


pivoted on the one bond for a while it will shift to the 
other. Though the molecule is a tetrahedral structure, it 
will be convenient for our present purpose to confine 
attention to two of the vertices and picture it as a 
triangular molecule. (This is simply to avoid unneces- 
sary complication.) Then the motion of the triangular 
molecule on the surface is similar, for example, to the 
motion of a draughtsman’s dividers on a sheet of paper 
when it is pivoted first on one leg (bond) and caused to 
oscillate between two fixed points with the other. If the 
dividers are placed at the points of intersection of a 
triangular net or two-dimensional lattice as in Fig. 1 and 
the dividers span the distance between adjacent lattice 
points, all lattice positions are accessible to the dividers 
(molecule) without change of its radius (angular dis- 
tance between bonds). Similarly, the HO molecule can 
move about on an ice surface by pivoting alternately on 
the one bond and then on the other, and all parts of the 
surface are accessible to the molecule by this type of 
motion. 


MURPHY 


This is, in fact, essentially the motion of a biped in 
walking. This comes about because a biped has certain 
rigidities of structure which admit only certain motions, 
The motion of the biped, the motion of the dividers, and 
the motion of the molecule on a surface are all abstractly 
equivalent; they are realizations of a general type of 
motion which we may describe as bipedal random walk, 

The triangular or bipedal molecule is engaged in a 
random walk motion in two senses: first, the motion is 
actually abstractly equivalent, as has just been said, toa 
general bipedal walking motion; and second, it is 
random walk in the sense of the theory of stochastic 
processes.‘ It is a special kind of random walk of the 
surface molecule which specifies in some detail one of the 
ways by which diffusion takes place in this type of 
surface structure. In this type of random walk each step 
requires a definite activation energy. In the present case the 
value of the activation energy is known (0.23 ev per mole- 
cule), and the physical process with which it is associated 
has been demonstrated to correspond to the breaking of one 
hydrogen bond. Later on we shall discuss briefly the 
relation of bipedal random walk to other diffusion 
processes. 


E. Structure of the Surface 


The bonding points or spots on the internal surface 
are arranged in a way corresponding to the symmetries 
of the internal structure of the crystal. But the arrange- 
ment in the surface is actually not the intersection of the 
internal structure with some plane “surface” to which 
the molecules are attached—for no plane surface is 
involved, nor any other continuous surface for that 
matter, but merely a set of discrete points or spots on 
the water molecules in the crystal. With this picture in 
mind, we see that the motion of the molecule in an 
actual physical “surface” (as distinguished from a 
continuous geometric surface) is equivalent to that ofa 
biped walking on stepping stones arranged in a three- 
dimensional space in which there is no gravitational 
field. These ‘‘stones” are arranged tetrahedrally in the 
space, and we can imagine the biped (molecule) as 
proceeding in a gingerly way by moving one leg back 
and forth several times between adjacent stones before 
changing to the new “stone” (bonding point) and the 
other “leg” (bond). During a similar motion on the par! 
of the molecule, it is contributing to the second term in 
the local conductivity. The polarization associated with 
this term in the local conductivity is characteristic of the 
molecular structure of the surface; we may call it the 
internal surface polarization. 


THE DOMINANT TYPE OF SURFACE MIGRATION 
OR DIFFUSION 


An important aspect of bipedal random walk is the 
fact that the molecule can “step” or rotate from one 
lattice point to the next neighboring one, proceeding in 
this way all over the internal surface (or for that matter 


4S. Chandrasakar, Revs. Modern Phys. 15, 1 (1943). 
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over an external surface), without ever breaking two 
bonds simultaneously, because the two bonds of the 
molecule span exactly the space between corresponding 
points in the lattice (see Fig. 1). As the probability of 
two independent events is the product of their individual 
probabilities, and the probability of the breaking of a 
hydrogen bond is given by a Boltzmann factor, the 
activation energy for the simultaneous breaking of two 
hydrogen bonds is twice that for the breaking of one 
bond. Consequently, the kind of diffusional motion 
which should predominate in an internal surface is 
bipedal random walk. 

The basis for this in quantitative terms is as follows: 
When two bonds of a surface molecule break simul- 
taneously, the molecule has acquired the heat of 
sublimation and is in the vapor state. But the relative 
frequency of this occurrence (pyap/Ppip) in the case of ice 
is given approximately by the ratio of the Boltzmann 
factors for the two states, namely, 


prap/ Poip = CLexp(— 11.5X 108/RT) ]/ 
[exp(—5.2108/RT)]. (1) 


C is a constant which will be discussed later on. At 0°C 
this fraction has approximately the value 10-° and at 
-—100°C about 10-8. The fraction pyap/Ppip represents 
the ratio of the number of surface molecules in the vapor 
state to the number of surface molecules in the state of 
bipedal random walk. This calculation shows that the 
dominant mode of migration in the surface is random 
walk by molecules attached by one bond to the surface 
(bipedal random walk), rather than by the random 
flight of molecules going into the vapor state and later 
recombining with the surface. 

There is another mode of migration which should be 
discussed in this connection; it may be described, to be 
consistent in terminology, as unipedal migration. This is 
just hopping from one point of attachment to the lattice 
to an adjacent one. By definition it involves the 
breaking of all bonds to the surface simultaneously. It 
is similar to vaporization followed by recondensation on 
the surface, except that the point of reattachment in the 
latter case may be remote from the initial point of 
attachment. The ratio Puni/Ppvip of the number of mole- 
cules in the state of unipedal migration to those in the 
state of bipedal migration is 


buni/ Poip= L(exp(— 11.5X 108/RT) ]/ 
[exp(—5.2108/RT)]. (2) 


This gives essentially the same ratios as Eq. (1). 

There is an approximation in the two calculations 
made in Eqs. (1) and (2). The population of molecules in 
the vapor state depends not only upon the energy 
difference between the two states but on the volume 
available to the molecule in the vapor state. This factor 
was represented in Eq. (1) by the constant C. In small 
Internal surfaces the volume available to molecules 
Which have evaporated into the comparatively field- 
free space associated with the surface would only be 
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larger by a small factor than the volume available to the 


‘ molecule while it is in the surface. Therefore, it was 


simply assumed that C is small as compared with the 
exponential factors in Eq. (1). This introduces no 
essential error since we are at present only concerned to 
show which mode of migration is the dominant one, 
rather than to obtain the exact ratios of their contribu- 
tions. In Eq. (2) the volume factors for unipedal and 
bipedal migration may be considered to be essentially 
equal; therefore we let C=1. 

The conclusion from the above discussion is that 
random walk with one bond attached to the surface 
(bipedal random walk) is the dominant mode of migra- 
tion in internal surfaces in ice. It dominates over both 
hopping by the breaking of two bonds and evaporation 
and recondensation as a mode of transport. This should 
also apply to external surfaces if surface diffusion is 
suitably restricted by definition. 


Activity in Internal Surfaces 


On account of the comparatively high lability and 
diffusional mobility in internal surfaces, we may picture 
them as places in the crystal where there is a consider- 
able amount of translational motion going on con- 
tinually; they are, in a sense, especially busy places. 
Conditions in internal surfaces may be described as 
being halfway between the liquid state and the crystal- 
line state, because the molecules are attached to the 
surface by only one chemical bond, for ice the energy of 
liquefaction (solid to surface liquid) is about 5.2 
kcal/mole. The molecules on internal surfaces in freshly 
formed ice are therefore engaged in an annealing process 
in which the form of the internal surface is changing 
toward the form corresponding to thermodynamical 
equilibrium in the crystal structure of ice. If the internal 
surface is small, it should also migrate in the crystal 
with a Brownian motion of significant magnitude, for 
when a molecule moves from one end of the surface to 
another, the volume enclosed by the surface moves in 
the opposite direction in the crystal. The activation 
energy for the mobility of these small surfaces in their 
Brownian motion is equal to the activation energy 
derived from the second term in the local conductivity. 
It is due to the breaking of one hydrogen bond and has 
the value 0.23-electron volt per molecule. 


RELATION TO DIFFUSION IN GENERAL 


A. A Sequence of Increasing Specialization 
of the Model 


The model we have described here may be regarded 
for heuristic convenience as a result of a sequence of 
steps, each increasing the specialization of the model of 
the process of diffusion. The motions involved in the 
formation of the orientational polarization of a free 
molecule (the Debye theory) involve essentially random 
flight. The molecule experiences random flight in the 
coordinates of its center of gravity and also in three 
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angles, that is, the uncorrelated increments in the three 
Euler angles. When the molecule becomes attached to a 
surface lattice, random flight is reduced to random 
walk; the steps are now of equal length, determined by 
the binding points in a regular lattice. This is the first 
step in the specialization of the diffusion process. 

The second step is to associate an activation energy 
with the diffusion process. In general, the solutions of 
the diffusion equation and of related equations, contain 
the diffusion constant D. Theories involving the diffu- 
sion process often extend, for example, only to expressing 
D as a function of the macroscopic viscosity and the 
radius of the particle, using Stokes’ law. However, the 
data for the second term in the local conductivity of ice 
enable us to associate an activation energy with surface 
diffusion, namely, 0.23-electron volt per HzO molecule. 
It is an advance in the analysis of a process when we can 
substitute an activation energy for a viscosity; but so 
long as the activation energy is itself an empirical 
constant, it is not a large advance. 

The third step is the identification of the source of the 
empirical activation energy with a definite physical 
process, the breaking of a chemical bond. The experi- 
mental relation which enables us to do this is the 
numerical coincidence between the activation energy 
for local conductivity and the heat of sublimation of ice.® 
This also employs the fact that the heat of sublimation 
of ice has been shown to be largely accounted for by the 
breaking of hydrogen bonds. Moreover, the model'* 
used in the interpretation of the local conductivity also 
enters in an essential way into the identification which 
makes it possible to say that the diffusion process in a 
surface of ice depends upon the breaking of one hydro- 
gen bond. 

The fourth step is the one taken here, namely, making 
use of the tetrahedral structure of the water molecule to 
show that there are two geometrically distinct bonds to 
the surface—rather than a single bond of twice the 
strength. This has led to the conclusion that surface 
migration is predominantly bipedal random walk, 
rather than a hopping motion or a general vaporization- 
recondensation process. The surface molecules migrate 
by stepping to the nearest lattice point; this gives the 
migration about as much regularity as it can have and 
still be random walk. (The regularity of surface diffusion 
is of interest, for example, in connection with crystal 
growth.) There is a fifth step in this sequence, but it will 
be necessary to discuss the relation of mobility to diffu- 
sion in more detail before stating it. 


B. The Einstein Relation Applied to Local 
Mobility 


The mobility u is derived ordinarily from the direct- 
current conductivity. The diffusion constant D can then 
be calculated by means of the Einstein relation 


D=kTu/e. (3) 
5 E. J. Murphy, Phys. Rev. 79, 203 (1950). 
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This relation is so general that it imposes only weak 


‘ restrictions on the model; it can be applied to diffusion 


of many kinds. 

Let us now apply the Einstein relation to the local 
mobility 4, derived from the local conductivity o, by 
the relation 

ur=9X10"o,/ne. (4) 


In this expression, ” is the concentration of surface 
molecules and e the elementary charge. The constant 
9X10" converts ¢, from (ohm cm)! to esu. (The ele- 
mentary charge e appears in this expression, though the 
molecule is neutral, because of the nature of the model 
for the local conductivity.) We now have 


D,=kTuz/e (5) 


for the diffusion constant as calculated from the local 
conductivity. 
The expression for the local conductivity is 


op=[ned? exp(—W/kT) 9X10" (6) 


on the basis of the model which we have used in the 
study of ice.' Substituting this expression in Eq. (4), we 
have 

up=h"ed* exp(—W/kRT), (7) 


and for D; we have 
D,=hkT@ exp(—W/kT) 
=2.12K10"7d@ exp(—W/kT). (8) 


We may substitute into this expression the following 
numerical values appropriate to ice: T=273°C, d=0.78 
10-8 cm, and the ratio W/kRT=5.2X108/RT. This 
gives 

D,=3.5X10~ exp(—5.2X 10°/RT) cm?/sec (9) 


for the local diffusion constant of ice in internal surfaces 
(and in external surfaces under suitable restrictions). 
This can be written in the form D,= Dy exp(— W/kT). 
Do then has the value 3.5X10~* cm?/sec. This ‘‘con- 
stant” varies with 7, but in the range of temperatures 
with which we are usually concerned this variation is 
small as compared with the variation in D; due to the 
exponential factor. The value of Do is sensitive to 
variations in d the length of the unit step. It is inter- 
esting that D; depends mainly on the activation energy 
and d. 

The calculation of a diffusion constant by putting the 
local conductivity rather than the ordinary direct- 
current conductivity (the migrational conductivity) 
into the Einstein relation, is a new procedure, and it will 
be desirable to discuss its meaning. The physical 
significance of local conductivity has been discussed at 
considerable length in a preceding paper® where it was 
called the “polarization conductivity.” The local con- 
ductivity measures the local mobility involved in the 
formation of a dielectric polarization. In the model 
which we have used to explain the data for the local 


6 E. J. Murphy and S. O. Morgan, Bell System Tech. J. 38, 502 
(1939). 
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conductivity of ice, it depends upon the local trans- 
lational motion of a proton between two sites 0.78 X 10-8 
cm apart. This activation energy for local mobility is a 
quantity which can be associated with each step in the 
random walk process. The diffusion constant D calcu- 
lated from direct-current conductivity measurements 
can only be associated with each step by assuming that 
the steps are alike or by ascribing to each the average 
value. The two procedures should in many cases reach 
the same result. The local conductivity method gives a 
sharper picture of the diffusion process; or at least 
reaches it more directly. 


C. Random Walk with an Activation Energy 
for Each Step 


In order to make this statement more definite, let us 
picture random walk more explicitly. Consider the 
integers to be arranged on a line with equal spacing (d) 
between them, and let a particle be associated with one 
of them, say i. Let this particle be able to jump 
forward or backward by one integer at a time. Let the 
probability of jumping forward be some definite number 
p; that of jumping backward is then 1— p. There is then 
a definite probability that the particle starting from an 
initial position zp will be found after a specified time / to 
be associated with another selected integer i,. This is a 
discrete random walk process. In the case described 
above the discrete steps are on a line, but there is no 
change in principle if the steps occur between points 
arranged in a lattice of two or more dimensions. Thus 
the bipedal migration of a water molecule on a surface of 
lattice points is a discrete random walk process to which 
the general theory of stochastic processes applies. 

It has been shown in the theory of stochastic processes 
that discrete random walk leads in the limit of arbi- 
trarily large number of steps to the same expressions as 
are obtained from the solution of the diffusion equa- 
tion.7"8 Moreover, it has been shown that the difference 
equation which expresses discrete random walk be- 
comes, in the limit of continuous variables, the differ- 
ential equation for diffusion. In consequence of this, it is 
only necessary for us to substitute the expression for Dz 
given in Eq. (9) for D wherever it appears in the solu- 
tions of the diffusion equation for given boundary 
conditions, in order to have available expressions for 
diffusion in ice surfaces, based upon the underlying 
general theory of diffusion together with the special 
model which has been described here. For example, in 
the transport of water molecules by diffusion in a 
concentration gradient, we have 

oP er fF FF 
2 ge 
ot 0x? = ay? 
where P is a probability function, or alternatively a 
concentration function, and we substitute the expression 
given for Dz in Eq. (9) for D in the solutions of Eq. (10). 


"See reference 4, p. 5. 
®See M. Kac, Am. Math. Soc. Monthly 54, 369 (1947). 
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Similarly, for diffusion in a constant field or in an 
harmonically varying field, we can substitute the ex- 
pression for Dz given in Eq. (9) for D in the solutions of 
the appropriate differential equations. 

The fifth step in specializing the picture of the 
diffusion process in ice surfaces is now evident. Since D;, 
is calculated from the Jocal conductivity, we can associ- 
ate with each step in the diffusion process an activation 
energy of 0.23-electron volt.2 We may picture this 
activation energy as determining the time that the 
molecule is in a state of “indecision” as to when and in 
which direction to take the next step. In this we assume 
that the time of indecision is long as compared with the 
time of action. The time of indecision represents the 
time of waiting for a fluctuation which breaks a hydro- 
gen bond. 

CONCLUDING DISCUSSION 


The theory of surface migration of water molecules 
which has been developed here is based upon the study 
of the local conductivity (or polarization conductivity) 
of ice. It depends primarily on the fact that the local 
conductivity of ice exhibits two terms, and that the 
activation energy for the second term is about one half 
of that for the first term. (This is interpreted by 
considering that the H.O molecule in the interior is held 
in place by four hydrogen bonds while the HO molecule 
in the surface is held in position by only two bonds.) 
Three other experimental relations are used in de- 
veloping the model. One of them is the fact that the 
activation energy for the main term in the local con- 
ductivity of ice is about equal to the heat of sublimation 
of ice, and that this in turn is the energy for the breaking 
of two hydrogen bonds per molecule (or four borids 
between the molecule and its environment). A second 
consideration refers to the nature of local conductivity 
as contrasted with the direct-current conductivity: the 
activation energy for local conductivity is the activation 
energy for mobility. (This will be discussed further in 
another place.) The fourth experimental relation used in 
the model is the evidence (from x-ray diffraction, infra- 
red absorption, and chemical properties) that the bonds 
between molecules have tetrahedral symmetry, so that 
a walking type of motion is available to the molecule by 
the alternate breaking of two distinct bonds. 

These considerations have lead to a rather sharply 
defined model for the diffusion of water molecules in 
surfaces. Each step in the increasing specialization of 
the model represents an independent experimental rela- 
tion. The several aspects of the model should therefore 
have recognizable consequences when the present theory 
of surface migration of water molecules is applied to 
various physical processes. The theory derived for ice 
should apply in principle, and perhaps even reasonably 
quantitatively, to the diffusion of water in any surface 
to which the water molecules are attached by hydrogen 
bonds. 


® See reference 1 (footnote §) with regard to the accuracy of the 
value 0.23 ev. 
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The four fundamental bands in the infrared spectrum of PH; have been analyzed. The bands » and »; yield 
values of B‘**) and [(1—¢2) B@*) — B‘=)] as well as values for the centers of the bands. The method of 
Nielsen for arriving at explicit expressions for the rotation term values of v2 and v4 has permitted the evalua- 
tion also of the quantity (1—¢,‘°) B“*# and to infer the centers of these bands. The structure of the molecule 
has been derived from this information and the zeta sums. The PH distance ro obtained is equal to 1.42A, 


and the H—P—H angle is equal to 93° 50’. 





I, INTRODUCTION 


HE fundamental bands in the infrared spectrum of 
phosphine, two of which lie near 4.24 and two of 
which lie near 10u, were studied first by Robertson and 
Fox! using a prism spectrometer. Subsequently the 
spectrum was remeasured by Fung and Barker? who 
used a prism-grating spectrometer. More recently these 
bands have been studied in this laboratory with still 
higher resolving power, using a vacuum grating instru- 
ment.’ We shall here report more fully on this work and 
evaluate certain of the constants of the molecule from 
the data obtained. 


II. EXPERIMENTAL DETAILS 


The phosphine used in this experiment was generated 
in an atmosphere of nitrogen by dropping water slowly 
on to calcium phosphide contained in a 300-cc round- 
bottom flask. The phosphine generated was passed 
through successive tubes containing calcium chloride 
and phosphorous pentoxide and finally into a condenser 
immersed in liquid air. A calcium chloride drying tube 
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2L. W. Fung and E. F. Barker, Phys. Rev. 45, 238 (1934). 
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and a gas bubbler containing copper sulfate solution 
was connected to the exit of this trap. The phosphine 
was purified by fractional distillation using a method 
described by Durrant, Pearson, and Robinson,‘ the 
distillation, in this instance, taking place with the con- 
denser immersed in a dry-ice bath. 

The spectrograph used was the vacuum grating in- 
strument described by Bell, Noble, and Nielsen.’ A 
vacuum spectrograph was most advantageous in ex- 
amining the 4.24 region which overlaps badly with the 
atmospheric CO, fundamental band v3. Two replica 
echellette gratings made by Wood were used to measure 
the bands reported here. The one, used to study the 4.2y 
region, had 7500 lines per inch; the other, used to ex- 
amine the 10u region, had 3600 lines per inch. Through- 
out slit widths were maintained which subtended a 
frequency interval of about 0.3 cm. 


III. DISCUSSION OF THE DATA 


The 4.2u Region 


Figure 1 shows the region near 4.24 which has been 
redrawn from the original records. Two separate 
recordings over a portion of this region are shown to 
illustrate the extent to which the data were reproducible. 
This region is interpreted to be due to the two funda- 
mental bands » and »;, the first of which is a parallel 
band and the second of which is a perpendicular band. 
The frequencies »; and v3, while coupled through a 
Coriolis interaction, perturb each other only very 
slightly.6 One may, therefore, proceed to analyze them 
by standard methods. The frequency positions of the 
more important lines in this region, reduced to vacuum, 
are given in Table I, in particular those which were used 
to obtain the molecular constants. The identifications 
given to the lines are set down in the first, third, and 
fifth columns in Table I. 

Many of the lines in the P and R branches of 1» over- 
lap with lines belonging to the band »;, and the positions 
of these cannot, therefore, be determined with high 
accuracy. This is particularly true in the instances of 
P(12), P(11), and R(2) which have been indicated in the 
table with asterisks. The values of B&*”” and B&’ are 

4 Durrant, Pearson, and Robinson, J. Chem. Soc. 28, 730 (1934). 


5 Bell, Noble, and Nielsen, Rev. Sci. Instr. 18, 48 (1947). 
6H. H. Nielsen, J. Chem. Phys. 21, 142 (1953). 
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INFRARED SPECTRUM OF PH; 


obtained by application of the usual combination rela- 
tions; the differences having been corrected for cen- 
trifugal distortion. The centrifugal distortion constant 
D,; which has been used in this correction is the one 
obtained by Wright and Randall’ from their measure- 
ments on the rotation spectrum. The values obtained 
for B=” and B®’ are the following: B‘*)””’=4.45 
cm and B&*’=4,39 cm. The value obtained for 
B‘*)"’ here we shall regard as in satisfactory agreement 
with the value 4.446 cm™ given by Wright and Randall. 
The latter value, which is undoubtedly more accurate 
than the one given by us, will be used hereafter in our ar a eer ae eee * 
calculations. The following value for the band center, “= 

ition fF »,=2322.9 cm-, is obtained from the combination Fic. 2. The differences *R(J—1, K)—?P(J, K) divided by 4J 

yhine relations. for the lines in the fundamental band v3; in the spectrum of 

‘thod The lines comprising the ’P and ¥R branches of the Sane OE Ree SEPT 

the § perpendicular band »; are difficult to identify because 

con- § they overlap the P and R lines of », badly in many cases. 

BN erm serene epee ong yoy opengl ee ey 

q “4 — ¢,(2)) Blzz) — Rlzz) 

.° A § many instances not be established with great precision. FAR Cl—$5)B > a 

ex: If the differences (3) are divided by 4/ and then plotted 

n the TaBLE I. Frequency positions and identifications of lines in the against (K/J), a straight line will result of which 


CPR y-1,K) = "yu,K)] 740 








obtains 








plica eo [(1—¢;) Be — B=2] will be the slope and of which 
“4p aie post) 2284.5 ERS, B‘*) will be the intercept. Such a graph has been pre- 
ocx mo PPCS.3), PC) 2287.0 ER(S, pared using the values of = 4,5, 6, 7, and 8. _—s 
ugh 2) Ppia'iy 2292'3 BR(3.0) shown in Fig. 2 and from this the values [ (1—¢£3°°?)B 


PP(8,2) P : ~ : 
te pa) pig's} peg oi 3 — B&*)]=—0.6 and B*)=4.445 cm are obtained. 
A a pi} Soap The value of B‘**) obtained here must be regarded as in 
PP(8,5) P(i) 2314.0 : ; ; i 

Pig's) Ri} stone 7} : satisfactory agreement with those obtained earlier, when 


pp?) Revs.) os ‘a one considers that again here the accuracy of the fre- 


PP(7,2) RR (3,2) 2360.4 ) iti R PP ij ; 
pale aes} = quency positions of the “R and ”P lines is reduced by 


phz.d) he 2362.8 the overlapping of the bands »; and »;. The sum of (1) 


PP(7.6) RR(4,4) 2366.5 ®R(7;1) 2397.1. and (2) will be seen to be equal to 
’P(6,1) 2 RR (4,3) 2367.8 j 
PP (6,2) FR (4,2) 2369.5 


PP(6,3) RR(4,1) 2370.8 3.2 ATRR(J—1, K)+?P(J, K)J=[v3—639 Be ] 


PP(6,4) RR (4,0) 2371.9 


P ps 
P(6,5) ES 5) poe +[ (1-3?) Be? — Be» 7], (4) 


= Using the value —0.6 for [(1—¢3°)B&? — B=], one 


No attempt to identify the ?R and ®P lines has been obtains the value [y3s— {3° B&? ]= 2327.7 cm™. 
made since, in general, these may be expected to be 
weak. The *R and ?P lines occur here, more or less, in 
groups. Each group has a common J value and consists 
of J+1 components. The frequency of a line within a 
group in the *R branch will be designated as*’R(J—1, K), 
and the frequency of a line within the ?P branch will be 99 ! 1900 
designated by P?P(J,K). Their frequencies will be A 
approximately 


*R(J—1, K)= »—[BO? — Be] 4 2 Be 
+2(K+ iD) me! —£;) Ber — Bos) | (1) 
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and 
’P(J, K)=n—[ Be) — Be? ]— 27 B=) 
—2(K=1)[ (1-45) B?— Be], (2) 


Taking the difference ®8R(J—1,K)—?P(J,K e 
Sa ee il ta (J, K), on Fic. 3. The fundamental bands v2 and »; in the infrared spectrum 
™N. Wright and H. M. Randall, Phys. Rev. 44, 391 (1933). of phosphine. 
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’ TABLE IT. Frequency positions and identifications of lines in the 
bands v2 and 14. 








1187.4 
1198.0 
1198.7 
1209.4 
1209.7 
1220.4 
1220.7 
1231.4 
1242.7 
1254.2 
1265.7 
1277.5 


P(8,0) 
P(7,0) 
P(6,0) 
P(5,0) 
P(4,0) 
P(3,0) 
P(2,0) 
RR (3,2) 
RR(3,3) 
RR(4,3) 
RR(4,4) 
RR(5,4) 


912.3 
923.3 
934.0 
944.4 
954.7 
964.6 
974.3 
1163.6 
1164.4 
1174.9 
1176.3 
1186.3 


RR(5,5) 

RR(6,5) 

RR(6,6) 

RR(7.6) 

RR(7,7) 

RR(8.7) 

RR(8.8) 

FR(9,8), ®R(9,9) 
RR(10,9), ®R(10,10) 
RR(11,10), ®R(11,11) 
RR(12) 

RR(13) 








The 8u to 11u Region 


The two bands which comprise the region 8u to 11y 
in the spectrum of PH; are shown in Fig. 3. The lower- 
frequency band is identified as v2 and the higher- 
frequency band as ». Two separate recordings are 
shown over the P branch of the band v2 with different 
amounts of gas. They serve to show the fidelity of the 
data. 

The bands v2 and v4 are coupled by strong Coriolis 
interaction. The effect of this has been discussed in 
reference 6 and may be summarized by saying that the 
perturbation manifests itself in the respect that the sub- 
bands which make up v2 become resolvable and that the 
degenerate Coriolis coupling factor, £4‘, must be re- 
placed by an effective Coriolis coupling factor (¢4), 
which depends upon the value of K. It is shown in 
reference 6 that the lines in v4 which it is convenient to 
use to determine the quantity (1—¢,)B# are the 
RR(J, J) and the #R(J, J—1) lines and that the lines 
P(J, K=0) in the band v2 are the ones which may 
conveniently be used to verify the magnitude of the 
Coriolis resonance interaction between v2 and v4. These 
lines in the two bands have been identified, and their 
frequency positions, reduced to vacuum, are given in 
Table II. 

Straight lines will result if the frequencies of the 
RR(J, J) and the ®R(J, J—1) lines given in Table II 
are plotted, respectively, against 2/ and 2(J—1), the 
slopes of which will be { (1— (4°?) B¢9+-2 (2 «9 B@”)?/5} 
and { (1—£4°?) B29 +4 (Fo, 4 B@”)?/5}. These slopes are 
read from the graphs to be 5.64 cm and 5.72 cm, their 
difference being equal to 2(f2 4“”)?/6=0.09 cm. The 
intercepts of the above straight lines will, respectively, be 
vg and my+2B°"(1+2 (Fo 4@)?B@/5]. We infer from 
the intercepts that vs may be set equal to 1122.4 cm™. 

It may be seen from Fig. 3 that the band 7 is split 
into its J+1 component sub-bands. This frequency 
might, moreover, be expected to show inversion doubling, 
in which case these close-lying component lines would 
occur in two groups, a group with each inversion com- 
ponent. This is quite evidently not the case, and as in 
the instance of the arsine molecule® one is led to con- 


8H. H. Nielsen, Disc. Faraday Soc. 9, 85 (1950). 
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clude that only in vibration levels of vibration quantum 
numbers greater than one does inversion doubling be- 
come large enough to make itself evident experimentally, 
It is safe, therefore, to use Eq. (7), reference 6, to 
calculate the term values for the state v2 in PH3;. One 
obtains v2 if the lines identified with the frequencies 
given by Eq. (8), reference 6, are plotted against J 
and the curve is extrapolated to J=0. The value 
appears to be »»=992 cm™. Using the frequency posi- 
tions of the lines P(J, K=0) given in Table II and 
Eq. (8), reference 6, replacing w2 and w, in it by the 
band centers v2 and v4, we may proceed independently to 
evaluate the quantity 2(fs, 4 B@”)/6, setting 6130 
cm~!, The value obtained for this constant calculated 
from v2 is 2(f2, 4° B&”)?/6=0.09 cm which is in good 
agreement with the value determined from v4. We can 
therefore evaluate also the quantity (1—¢,4°°) B&® and 
for it we have 5.54 cm™. 


IV. EVALUATION OF THE MOLECULAR CONSTANTS 


The information gathered in the preceding section 
permits the evaluation of B&* when account is taken of 


TABLE III. Constants of the PH; molecule derived from the 
infrared spectrum. 








B22)" 
Bi2)’ 


445 cm! [(#2) 
4.39 cm [2) 
[(1—¢3°?) Be) — Be 7) — 0.06 V1 
(1— £4) Be? 5.54cm™! pe 
63 0.01 V3 
Pheu — 0.43 V4 1122.4 cm™ 
Bo?) 3.87 cm™ fro 1.42A 

a 93° 50’ 


6.29X 10-* gm-cm? 
7.24X10-” gm-cm’? 
2322.9 cm™! 

992.0 cm™ 

2327.7 cm™! 








the fact that ¢3;°°+¢, = —1+ (B¢”/2B). The value 
3.87 cm“ is determined for B‘*). The values of B‘” and 
B» yield these values for the two principal moments 
of inertia, J,,=6.29X10-° g-cm? and J,,=7.23X10™ 
gm-cm*. These latter are related to the altitude / of the 
pyramid and the angle 8, between the altitude and a 
PH distance, in the following manner; J,2=}/:: 
+[3mM/(3m+M) |? and I,,=3mh? tan*8, where m 
and M are the masses of the hydrogen and the phos- 
phorous atoms. A little arithmetic yields h=0.764 
X10-8A and B=57° 30’. In terms of the PH distances 
and the H—P—H angle, we have ro=1.42A and 
a= 93° 50’. These values we regard to be in substantial 
agreement with the values 79>=1.419A and a=93° 30’ 
obtained by Loomis and Strandberg’ for PH; from 4 
study of the microwave spectra of the hybrid phosphine 
molecules. 

The constants derived from the spectrum of PH; in 
the infrared are summarized for convenience in Table III. 


9C. C. Loomis and M. W.’P. Strandberg, Phys. Rev. 81, 798 
(1951). 
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The four fundamental bands in the infrared spectrum of stibine and the two high-frequency bands in 
deutero-stibine have been measured. These bands have been sufficiently well analyzed to permit the determi- 
nation of the size and the shape of the molecule. It has been possible, moreover, to correct the band centers for 
anharmonicity so as to estimate with considerable accuracy the values of the normal frequencies. The con- 
stants arrived at for the molecule are as follows: the SbH distance ro= 1.71A, the H—Sb—H angle a=91° 30’, 
the normal frequencies for stibine w:= 1988.9, w2= 795.9, w3= 1974.5, ws= 844.7, and for deutero-stibine the 
values w;*= 1409.4, we* = 568.5, w3*= 1403.5, and w;*= 599.5 cm= are obtained. 





I. INTRODUCTION 


A CONSIDERABLE amount of work has been re- 
ported recently concerning the infrared spectra 
and the molecular structure of molecules belonging to 
the pyramidal XH; variety.!~’ The last molecule in this 
series which is stable chemically is the stibine molecule, 
SbH;. A preliminary investigation of this spectrum has 
been reported by Smith,* and we shall here report on 
high-dispersion measurements on the four fundamental 
bands of stibine and on the two high-frequency funda- 
mental bands in deuterated stibine. The two low- 
frequency fundamental bands in deuterated stibine have 
been located, but not resolved into rotational structure. 


II. EXPERIMENTAL DETAILS 


The stibine gas was prepared by dropping sulphuric 
acid of 0.2N concentration on to lathe turnings of an 
alloy composed of 80 percent zinc and 20 percent 
antimony. This reaction yielded a 3 percent concentra- 
tion of stibine gas in hydrogen. Attempts to separate the 
stibine from the hydrogen failed in all cases, probably 
due to the decomposition of the stibine. The deuterium 
compound was produced in the same manner, using 
deuterated sulphuric acid diluted with heavy water. As 
nearly as could be determined the percentage yield of 
SbD; in De was the same as the SbH; in Hp. 

While the stibine gas is, indeed, unstable it was found 
that at room temperatures the gas could be used in an 
absorption cell, made of clean Pyrex glass, fitted with 
windows of polished sodium chloride or potassium 
bromide, for two or three days before the absorption by 


* This work was assisted by the U. S. Office of Naval Research 
under Contract No. N6 onr-22526, NR 019-123 with The Ohio 
State University. 

t Now at Eastman Kodak Company, Rochester, New York. 

'V. M. McConaghie and H. H. Nielsen, Proc. Nat. Acad. Sci. 
34, 455 (1948). 
wo) McConaghie and H. H. Nielsen, Phys. Rev. 75, 633 

*H. H. Nielsen, Disc. Faraday Soc. 9, 85 (1950). 

‘H. H. Nielsen, J. Chem. Phys. 20, 759 (1952). 

°H. H. Nielsen, Bull. Am. Phys. Soc. 27, 685 (T2) (1952). 

*H. H. Nielsen, J. Chem. Phys. 20, 1955 (1952). 

'H. H. Nielsen, J. Chem. Phys. 21, 142 (1952). 

*D. C. Smith, J. Chem. Phys. 19, 384 (1951). 


the gas became too weak for measurements to be 
practicable. Three absorption cells were used, one of 
length 5 cm for use at relatively low dispersion and two 
of lengths 15 cm and 25 cm for measurements at high 
dispersion. The low-dispersion spectra were obtained 
with a Beckmann IR-3 spectrophotometer and covered 
the entire region from 2u to 15u. They showed only the 
four fundamental bands and indicated clearly that the 
long-wavelength bands at 12u-13u are relatively much 
weaker than the short-wavelength bands near 5.3u. No 
prism spectra were recorded of SbD; in an attempt to 
conserve SbD; gas. 

The high-dispersion spectra were recorded with a 
vacuum grating spectrometer described elsewhere.’ The 
instrument was, in this instance, used with a Golay 
pneumatic detector and associated amplifier which fed 
into a Speedomax strip chart recorder. Two gratings 
were used in this work; one was a replica echellette 
grating made by Wood with 3600 lines per inch and the 
other was a replica echellette made by Wood with 1800 
lines per inch. The former was used to measure the 
bands in SbH; at 5.3u, the bands in SbD; at 7.5u, and 
the short-wavelength half of the bands at 12u. The long- 
wavelength half of the 12u region was measured using 
the grating with 1800 lines per inch. Near 5.3u and 7.5 
slits were used subtending a frequency interval of about 
0.4 cm™ and at 12y—14y the slits subtended frequency 
intervals from 0.3 cm to 0.5 cm™. 


III. DISCUSSION OF THE DATA 


The 5.3u Region in the Spectrum of SbH; and the 
7.5u Region in SbD; 


The 5.3u region in the spectrum of SbH; is interpreted 
to consist of two fundamental bands »; and »3. The first 
of these is a parallel band and the second is a perpen- 
dicular band. The data, redrawn from the original 
records are shown in Fig. 1, and the frequency positions 
of the lines in the two bands, reduced to vacuum, are 
given in Table I. As in other molecules in this series!" »; 


® Bell, Noble, and Nielsen, Rev. Sci. Instr. 18, 48 (1948). 
1 VY. M. McConaghie and H. H. Nielsen, J. Chem. Phys. 21, 
1836 (1953). 
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Fic. 1. Absorption pattern of the fundamental bands 2 and 2; in 
the infrared spectrum of SbH3. 


and v3; are very loosely coupled through Coriolis 
interactions and the perturbation is only slight. One 
may, therefore, analyze »; by the standard methods 
where use is made of the combination relations. These 
lead to the following values for B&®”’, B&*’, and 1: 
Bie2)"=2.94 cm, B)’=2.90 cm, and »,;= 1890.9 
cm, 


TABLE I. Frequency positions of lines in the bands* »; and »; in 
the infrared spectrum of SbH3. 








1902.4 1877.7 


1906.4 


1908.2 
1912.0 


1913.4 
1917.5 


1919.0 
1923.2 


1924.9 
1928.8 


1930.2 
1934.2 


1935.7 
1939.4 


1941.0 
1945.2 


1946.2 
1950.2 


1951.2 
1955.4 


1956.6 
1960.7 


1961.9 
1965.5 


1966.7 
1970.7 


1971.5 
1975.8 


1976.8 
1981.2 
1986.2 


R(1) P(2) 


R(2) P(3) 1873.4 


1867.0 
1866.2 


1860.9 
1859.6 


1854.6 
1853.0 


1848.5 


R(3) P(4) 


R(4) P(5) 


R(5) P(6) 


R(6) P(7) 


R(7) P(8) 1842.3 


R(8) P(9) 1836.0 


R(9) P(10) 1829.6 


R(10) P(11) 1823.1 


R(11) P(12) 1816.6 


R(12) P(13) 1809.9 


R(13) P(14) 1803.3 


R(14) P(15) 1796.6 


1789.8 
1782.8 
1776.2 


P(16) 
P(17) 
P(18) 


R(15) 
R(16) 
R(17) 








* The lines to which an assignment is made are attributed to ». 


The corresponding region of absorption for SbD; lies 
near 7.5u. The data is shown redrawn from the original 
recordings in Fig. 2, and the frequency positions of the 
lines reduced to vacuum are given in Table II. As in the 
instance of SbH; the standard methods of analysis may 
be used. They lead in the case of SbD; to these values 
B*(22)""= 1.49 cm, B**)’= 1.48 cm, and »,*= 1358.8 
cm™, the asterisk being used to indicate that these 
constants relate to the isotopic molecule. 

The method by which we have dealt with the fre- 
quency v3; in the spectra of SbH; and SbD; is entirely 
similar to that by which v3 was treated in the case of the 
spectrum of AsH; and AsD;.! The band resembles a 
parallel band in the spectrum of both SbH; and SbD; 
indicating that the quantity [(1—¢3°°) Be? — Be] is 
nearly zero. In both spectra, the lines of v3 overlap the 
lines of »; in such a manner that they are difficult to 
distinguish, especially in the P branches. While no 
apparent K splitting occurs in either band it may be 
seen, particularly in the band », due to SbHs, that the 
unresolved line groups are sharper on the high-frequency 
side and more diffuse on the low-frequency side. This 
indicates, as is the case in the spectra of AsH; and 
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Fic. 2. Absorption pattern of the fundamental bands 2 and 2; in 
the infrared spectrum of SbD3. 


AsD3;, that the coefficients of K and K? in the expression 
for the frequencies of the lines must nearly cancel on the 
one side (in this case the high-frequency side) and add 
up on the low-frequency side. It is difficult to fix exactly 
for what value of K these two quantities are the same, 
but we estimate it to be close to K= 10. From the width 
of the unresolved line groups on the low-frequency side 
we have estimated the quantity [(1—¢3;) Be?) — B=] 
to be about 0.04 cm“. The algebraic sign to be attached 
to [(i—¢£3;°°)B¢2— B@?] can be fixed only from the 
manner in which the Q branches converge. It appears, 
from Fig. 1, that the Q branches of v3; must converge on 
the high-frequency side. This would indicate that the 
term [(1—¢;°) B¢2— B®] is positive and that the 
coefficient of K? in the relation for the frequencies is 
negative. 

In the band »; in the spectrum of SbD; the lines 
remain rather sharp on both sides of the band center, as 
nearly as one can tell. This indicates that the coefficients 
of K and K? are both very nearly equal to zero. The 
band centers v3; and »v3* for the molecules SbH; and 
SbD; are estimated to be, respectively, at 1894.2 cm™ 
and 1362.0 cm~. 
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The 12u-13u Region in the Spectrum of SbH; 


This region consists also of two overlapping bands. 
The low-frequency one of these is the parallel band v2 
and the other is the perpendicular band »4. The more 
significant lines in these two bands are given in Table III 
together with their frequency positions reduced to 
vacuum. Figure 3 shows a reproduction of the data of 
this region redrawn to a frequency scale. 

The value of (1—¢,)) B@® for SbH; is derived in the 
same manner as this quantity was obtained for PH; and 
AsH; from the analysis of those spectra and as outlined 
in reference 4. The *R(J, K) lines in the band », are 
here not well resolved from the *R(J, K—1) lines, as is 
the case in the spectra of PH; and AsH;;°°° in fact all 
the ®R(J, K) lines occur as a single line beyond the 
2R(9, K) line. At values of J less than 9 some degree of 
resolution has been achieved. Taking, however, R(14,14) 
and ®R(14,13) to have the same frequencies, i.e., 949.8 
cm and #R(6,6) and #R(6,5) to be 885.8 cm and 
884.9 cm™, respectively, we estimate the quantities 
[1-54 ) BoP +2 (Fo, 4 Bo)?/6] and [ (1-54) Be” 


TaBLE II. Frequency positions of lines in the band » in the 
infrared spectrum of SbDs. 








1334.3 
1331.1 
1328.0 
1324.9 
1321.7 
1318.4 
1315.5 
1312.0 
1308.7 
1305.3 
1302.0 
1298.6 
1295.3 


1400.9 
1403.5 
1405.9 
1408.6 
1411.2 
1413.5 
1415.8 


1349.9 
1347.0 
1343.7 
1340.6 
1337.3 


P(8) 

P(9) 

P(10) 
P(i1) 
P(12) 
P (13) 
P (14) 
P(15) 
P(16) 
P(17) 
P(18) 
P(19) 
P(20) 


1365.3 
1368.0 
1370.5 
1373.4 
1376.2 
1379.0 
1381.8 
1384.7 
1387.5 
1390.2 
1392.9 
1395.6 
1398.2 


R(14) 
R(15) 
R(16) 
R(17) 
R(18) 
R(19) 
R(20) 


P(3) 
P(4) 
P(5) 
P(6) 
P(7) 


R 
R 
R 
R( 
R( 
R 
R 
R( 
R 
R( 
R 
R 
R 








+4(b> 4 B@)?/5] to be 4.05 cm and 4.15 cm~, re- 
spectively. This gives the values (1—£4') BG) = 3,95 
cm and 2(¢2 4 B&*”)?/6=0.1 cm. Moreover, if we 
take the frequency values of the lines P(1) and P(6) 
given in Table III and verify independently from the 
band v. what the value 2(¢2 4‘? B@*))?/§ may be ex- 
pected to be (see reference 4) we obtain 2(¢2 4 B&”)?/6 
=0.1 which we regard as being in satisfactory agree- 
ment with the value obtained from v4. It is not practi- 
cable to determine the band centers v2 and v4 with great 
precision. They are estimated, however, to have the 
values vo= 781.5 cm™ and »4= 830.9 cm, 

Insufficient SbD; gas was available to measure these 
bands in the spectrum of that molecule. The Q branch of 
the band v2 was located, however, as was the composite 
Q branches of the band »4. These are v2*=561.1 cm™ 
and y4*= 592.5 cm—. 


IV. EVALUATION OF THE MOLECULAR CONSTANTS 


The rotational constants B&*”’ and B‘*)’ have been 
given in Sec. III. One may now proceed to evaluate also 
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TABLE III. Frequency positions of lines in the bands v2 and »% in 
the infrared spectrum of SbH3. 








892.2 
893.9 


900.8 
901.9 
908.8 
909.9 


734.2 
742.2 


749.5 
756.6 


763.6 


RR(7,6) 
RR(7,7) 


RR(8,7) 
RR(8.8) 
RR(9.8) 
RR(9.9) 


®R(10,10) 


P(5,0) 
P(4,0) 


P(3,0) 
P(2,0) 


P(1,0) 
P(0,0) 
RR(4,4) 
RR(5,5) 
RR(6,5) 
RR (6,6) 


917.8 
925.7 
933.6 


770.2 
RR(11,11) 


RR(12,12) 


869.7 
877.7 
884.9 
885.8 


941.6 
949.8 


RR(13,13) 
RR(14,14) 








the rotational constant B‘* with the information ob- 
tained in earlier sections remembering, of course, that 
63°+¢,% =1— Be /2B@), We obtain the value 2.80 
cm for B“*, These values of BY” and B* yield for 
the principal moments of inertia J“** = 9.53 10- g cm? 
and J‘) = 10.00 10- g cm?. These are, in terms of the 
molecular dimensions and atomic masses [‘*”) = }] (+) 
+ (3mM/3m+ M)i? and I) = 3mh? tan’B, where m and 
M are the masses of the hydrogen atoms and the 
antimony atoms and 8 is the angie between the altitude 
of the pyramid and the Sb—H distance. One quickly 
arrives at the values h=0.96A and B=55° 46’. For the 
Sb—H distance and for the H—Sb—H angle, we obtain 
these values ro>=1.71A and a=91° 30’. These values 
agree very satisfactorily with those arrived at by 
Loomis and Strandberg" from the data taken on the 
microwave spectra of the hybrid molecules of stibine. 
Their values for ro and a are, respectively, 1.712A and 
91.5°. It is of interest to compare the values of ro and a 
obtained in this manner with those obtained from the 
ratio of J» and J‘*)*, By this method the value we 
obtain is r>= 1.69A and a= 89° 40’. The quantities ¢;“ 
and ¢,4‘? may also be evaluated. For these we obtain 
63 =0.01 and ¢4° = —0.43. Shaffer! has shown, more- 
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Fic. 3. Absorption pattern of the fundamental bands 22 and 2, in 
the infrared spectrum of SbH3. 


asais C. Loomis and M. W. P. Strandberg, Phys. Rev. 81, 798 
1). 
12 W. H. Shaffer, J. Chem. Phys. 9, 607 (1941). 
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TABLE IV. Vibrational frequencies and potential energy constants 
for the SbH; and SbD; molecules. 








SbH:3 


1890.9 
v2 781.5 
v3 1894.2 
4 830.9 
1 1988.9 
we 795.9 
@3 1974.5 
844.5 
2.256 
1.269 
v 1.026 
hy 1.900 
ke 1.599 
ks 2.075 





w4 
a (105 dynes/cm) 
B 








over, that (¢3°°)?-+ (€4()?-+-2 (3 4)? T= 1+ ([22/2Ixx)?, 
where (¢3, 4°”) is the Coriolis coupling constant between 
the two perpendicular frequencies w; and w,4. While this 
constant plays no significant role here we have, never- 
theless, evaluated it and find it to be |¢s, 4 | =0.73. 

It is, in addition, possible now to correct the fre- 
quencies for anharmonicity and to make rather accurate 
estimates of the values of the harmonic frequencies 
themselves. We shall here follow the method for com- 
puting the perpendicular frequencies w; and ws developed 
by Dennison for pyramidal XY; molecules. The 
method may be expected to be valid so long as the 
frequencies in the isotopic molecules XH; and XD; all 
transform by about the same factor. The method will 
not be reviewed here except to point out that it depends 
upon the Teller-Redlich product rule (4/.2u*/722*u) 
= (w3w4)?/ (w3*w4*)?, and a second relation which is 
derived from a knowledge of how £3 (or (4) depends 
upon the potential energy constants a, 8, and y" in 
Dennison’s notation. The starred quantities refer to the 
deuterated molecule and p=3mM/(3m+M). The 
method leads to these values for w3 and w4, w3= 1974.5 


+t The two before the quantity (¢3, 4‘)? has been omitted in 
Shaffer’s paper through a typographical error. 

13D. M. Dennison, Revs. Modern Phys. 12, 175 (1940). 

4 The constants a, 8 and y are, respectively, equal to the 
constants (J‘,,/27©.,)?,, (I,,/2I2:)m2, and m3 in Shaffer’s 
notation. 
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cm=!, w,s=844.7 cm, w3*=1430.5 cm, and wu; 
= $99.5 cm™. 

To correct the parallel frequencies for anharmonicity 
and make a reliable estimate of the values of the 
harmonic frequencies w; and we, we follow the method of 
McConaghie and Nielsen! which we shall not repeat here 
except to say that it depends also upon a product rule 
(co1W2/w1*wo*)?= (m*u*/mp) and a relation 


be (wr? w2") — u* (w+ w*?) 
= {((C—1)/2C Jor+[ (C+ 1)/2C Jus} (u—u*/2), 
where} 
C= {[4k2?/um+ (k1/u—ks/m)* }*/L (hi /u) — (k3/m) ]} 


and the &; are in Shaffer’s notation. Once w3 and w, are 
known and the quantity ¢3,4° has been determined 
from experiment, it is possible to evaluate C. We obtain, 


TABLE V. Rotational constants and dimensions of the SbH; and 
SbD3; molecules. 








SbHs 


2.94 cm™ 
B‘#2)'(p;) 2.96 cm™ 

Be) 2.80 cm7 

Fes 9.53X10-* g cm? 
ss 10.00 10-*” g cm? 
ro(A) 1.71 

hto(A) 0.96 

ZB 55° 46’ 

Za 91° 30’ 





Bien)" 


1.71 
0.96 
55° 46’ 
91° 30’ 








for C, the value C= — 1.1447. The values we arrive at 
for @1, Wa, w", wo* are @®\= 1988.9 cm“, oo = 795.9 cm, 
w* = 1409.4 cm=, and we*= 568.5. 

It is possible from these corrected frequencies to 
compute force constants of the molecule. We obtain for 
these a= 2.256 10° dynes/cm, 8= 1.269X 10° dynes/cm, 
y= 1.026 10° dynes/cm and§ k,= 1.900X 10° dynes/cm, 
ko= 1.599 10° dynes/cm, k3=2.075X 10° dynes/cm. 

The information obtained from this investigation is 
summarized in Tables IV and V. 


t Reference 1 defines C=[(k1/u)—(ks/m)]. This is a typo- 
graphical error. 
§ The ki, k2, and k; are Shaffer’s notation. 
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By experiments on retention, which is defined as the fraction of the radioactivity resisting aqueous 
extraction, we find, for propyl bromides irradiated in paraffin at a distance of two centimeters from the 


source with unfiltered neutrons: 


Normal propyl bromide 
Isopropyl bromide 


R(Br%(18 min)) 


0.37+0.02 


R(Br®(4.4 hr) 
0.85+0.05 
0.58+0.03 


0.72+0.05 


The different sources of error are examined and eliminated. 
The addition of free bromine, with the purpose of blocking the impurities, left a difference in the reten- 


tion of the two isomers. 
An interpretation is suggested. 


The percentage of Br(18 min) of isomeric transition in the free state proceeding from Br(4.4 hr) in the 
bound state, is found to be 16 percent for the normal propyl bromide and 40 percent for the isopropyl 


bromide. 





I. INTRODUCTION 


T has been shown before that the nuclear isomers of 
bromine-80 are produced in different capture levels!” 
and that there is a difference in the behavior of these 
isomers following the emission of capture gamma rays.’ 
The energy of the gamma rays, accompanying the 
isomeric transition has been studied thoroughly, since 
this radiation undergoes a violent conversion. However, 
the energy of the capture gamma rays, i.e., which 
effects the transition from the excited state of the 
complex nucleus to the two isomeric states, has not been 
exactly determined up to now. 

Given the difficulty of determining rigorously the 
energy of the capture gamma rays, one can see that the 
study of this energy by comparison will be of more 
interest. This is the case in the formation of isomeric 
pairs. 

Before, it had been hoped that it would be possible to 
do this by an indirect method: the retention in liquids*® 
following the theoretical works of W. F. Libby;® and 
Miller, Gryder, and Dodson.’ 

According to these theoretical views, one could expect 
it to be possible to determine these recoil energies from 
the retentions. Going back to the theoretical views and 
considering only the “billiard ball” type collisions,* the 
total retention is obtained as the sum of the partial 
retentions for an infinite number of collisions. Calcula- 
tions have shown that it is impossible to determine the 
initial recoil energy by retention and that one cannot 


agi) Capron and A. Verhoeve-Stokkink, Phys. Rev. 81, 336 
51). 
?P. Capron, Bull. acad. roy. Belg. 27, 524 (1941). 

* Capron, Crévecoeur, and Faes, J. Chem. Phys. 17, 349 (1949). 
ose and E. Crévecoeur, Bull. Cong. Nat. Sci. Bruxelles 
r. Capron and E. Crévecoeur, J. chim. phys. 49, 29 (1952). 

°W. F. Libby, J. Am. Chem. Soc. 69, 2523 (1947). 
Miller, Gryder, and Dodson, J. Chem. Phys. 18, 579 (1950). 
*P. Capron and Y. Oshima, J. Chem. Phys. 20, 1403 (1952). 


discuss the result without taking into account im- 
portant secondary effects. 

Ina preceding work’ it has been shown by multiplying 
the number of experiments that the retentions of both 
isomers are different. With slow neutrons (not filtered 
with Cd) for monobromobenzene, one obtains 


R(pr#18 min)) = 0.50+0.06, 
R(prs(4.4 br)) = 0.65+0.03. 


In the same work, it has been shown that the retention 
varied with the energy of the incident neutrons. 
For bromoform® in the same conditions, one obtains 


R(prs(18 min)) = 0.530.02, 
Rpr(4.4 hr)) >= 0.69+ 0.04. 


On the other hand, Friedman and Libby,” and Fox 
and Libby," studying the retention on normal and 
isopropyl bromide in the liquid and the solid state 
do not find any difference between the retentions 
of the isomers and conclude that they have the same 
mean recoil energy. These authors give the results 
reproduced in Table I. 

Since the results which we obtained with CsH;Br and 
CHBr; were different from those that Fox and 
Libby obtained with the isopropyl bromide, we also 
tried these products and as in the case of CsH;Br and 


TABLE I. Retention of radiobromine isotopes in isopropyl! bromide, 
produced by (n,7) reaction. 








—196°C 


81.6+2.0% 
79.9+1.0% 


25°C 


33.742.0% 
33.9+2.0% 





Br®™(18 min) 
Br®(4.4 hr) 








9 FE. Broda, Advances in Radiochemisiry (Cambridge University 
Press, Cambridge, 1950). 

0 L.. Friedman and W. F. Libby, J. Chem. Phys. 17, 647 (1949). 

1M. S. Fox and W. F. Libby, J. Chem. Phys. 20, 487 (1952). 
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Percentage of Br®9C4.4 hr) mot in equilibrium 
with Br®9(48min) trom isomeric transition. 


mean value for 3 experiments 


minutes after irradiation 


Fic. 1. Fic. 2. 
CHBr; we find a difference in the retention of the two 
isomers. 

Three important objections can be found to the 
interpretation of our experiments. 


1. Possible Error from the Concentration of Br*® 
(18 min) on the Walls of the Counter 


There is a possibility, in fact, the washed liquid, 
being not perfectly dry, that the water remaining in it 
would form a thin film on the glass walls of the Geiger 
counter. As a result, this water would concentrate the 
Br®(18 min) of isomeric transition (I. T.) on the walls of 
the counter. Thus the electrons of disintegration would 
have an efficiency greater than if the radioactive 
bromine was uniformly distributed in the liquid; so, the 
Br®(4.4 hr) would appear more active and would show 
a too great retention. 

We have theoretically and experimentally answered to 
this objection. The fact that we find no difference be- 
tween the ratios of the activities in experiments made 
with liquid counters of different volumes, shows that 
this effect is negligible. 


2. Possible Error Due To the Concentration of 
One Isomer on the Walls of the Vessel 
During the Irradiation 


If one isomer is more adsorbed to the walls of the 
vessel than the other, the observed activities in the 
irradiated liquid are not the true ones and must be 
corrected.!-8 

The experiments show that the verified difference of 
retention for the two isomers cannot be attributed to 
this effect. 


2 Goldhaber, Chiang, and Willard, J. Am. Chem. Soc. 73, 2271 
(1951). ’ 

13§$. Goldhaber and J. Willard, J. Am. Chem. Soc. 74, 318 
(1952). 
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3. Possible Error from the Isomeric Transition 


It is possible that in the washed liquid the quantity 
of bounded Br*®(4.4 hr) was not in equilibrium with its 
Br®(18 min) of I.T. If this one is in a free state it is 
carried off by the water in washing. 

The experiments show that the quantity of Br® (4.4 hr) 
not in equilibrium with its Br®(18 min) of LT. is 40 
percent. One can account for this percentage in the 
calculations of the original activities, or wait until the 
75th minute. At this moment the equilibrium between 
the Br*°(4.4 hr) and its Br®(18 min) of I.T. is realized, 


II. EXPERIMENTS 
A. Product 


The normal and isopropyl bromide come from Light 
and Company. The small amount of impurities which 
they may contain are due to the alcohol. The purifica- 
tion did not seem necessary for the following reasons, 

1. Since we are looking for the retentions of the 
isomers, any impurity would influence each isomer in the 
same way. 


TABLE II. 








Normal propyl bromide 


Isopropyl bromide 





N2=5716 
Ni=6665 
pir= 156.9 
Ni- N2=949 
y=54.5 


The percentage of Br®°(4.4 hr) 


not in equilibrium with its 
Br®(18 min) of I.T. is 54.5/ 
156.9= 34.7%. 


N2=3945 

Ni=4702 

pPin= 110.7 

Ni- No= 757 

y=43.5 

The percentage of Br®(4.4 hr) 
not in equilibrium with its 
Br®(18 min) of I.T. is 43.5 
110.7=39.3%. 








2. Instead of eliminating the impurities (olefines) we 
have fixed them in a few experiments by adding free 
bromine. 


B. Extraction 


We prefer the washing with water to the washing with 
bisulfite or sodium bromide, even if this does give a 
poorer reproducibility of the results.* Indeed we feared 
that the addition of sodium bisulfite or bromide would 
influence the secondary reactions. Trials have shown 
that after three minutes heavy mechanical washing of 
the irradiated liquid with distilled water in equal 
quantities, a second washing was unnecessary. 


C. Irradiation 


The irradiation was carried out in a cylinder of 
paraffin ; of height 45 cm and diameter 40 cm. A Ra—Be 
source of 1400 mC was slid to the center of the cylinder 
through an opening situated at 20 cm from the base. 
Above the source a cylindrical opening of 10 cm diame 
ter was used to introduce the vessel containing the 


4 Pp, F, Shaw and C. H. Collie, J. Chem. Soc. 17, 1217 (1949). 
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liquid. This opening was closed with a paraffin bloc. 
Between source and vessel there were 2 cm of paraffin. 
The results were not corrected for the accuracy of the 
source. 


D. Radioactivity 


The activities were measured with liquid counters 
type M6, from Twentieth Century Ltd. A scale of 64 
was followed by a mechanical register L.K.B. The 
resolving time of the whole system is of 3X 10~* minute. 

Preliminary experiments have shown that Br®(34 hr) 
should not be taken into account, due to the very weak 
activity of that isotope after a short time of irradiation. 


E. Experiments 


1. Determination of the percentage of Br®(4.4 hr) which is 
not in equilibrium with Br® (18 min) 
of I.T., by washing , 


(a) Procedure.—After 180 minutes irradiation, the 
liquid is left to stand for 172 minutes to eliminate 
the Br®(18 min) directly formed. By washing, the 
Br®(4.4 hr) and the Br®(18 min) of I.T. in the free state 
areextracted. Since the latter can come from Br®(4.4 hr) 
in free or bounded state, it is possible that in the washed 
liquid the Br®(4.4 hr) will not have been in equilibrium 


with its Br®°(18 min) of I.T. It is necessary to know the 


percentage of Br®(4.4 hr) which is not in equilibrium 
with its Br®(18 min) of I.T. to effect the necessary cor- 
rections. 

(b) Calculations.—If one carries out a washing and 
measures the washed liquid at the 172nd minute, after 
an irradiation of 180 minutes, the decrease of the 
activity is not found to be exponential, but passes 
through a maximum value as shown on Figs. 1 and 2. 
This is due to the fact that a part of the Br®(4.4 hr) is 
not in equilibrium with its Br®(18 min) of L.T., elimi- 
nated by washing. By the extrapolation of the measured 
activities between 255th and 540th minutes, when the 
whole system is in equilibrium, one can calculate the 
number of disintegrations V; which would have been 
produced if the system had been in equilibrium since the 
beginning : 


to=255 
Ni= (x+y) f ett. 
t1;=180 


Experimentally we found the number of disintegrations 
to be smaller than V,. This value NV» is given by the 
formula, 


te=255 te=255 


Minx f emdtty | (e'—e*) dt, 
t1=180 t;=180 


where «is the quantity of Br®(4.4 hr) in the bound state 
and in equilibrium with its Br®(18 min) of I.T., and y is 


the quantity of Br®(4.4 hr) in the bound state which is 


Rot in equilibrium with its Br®(18 min) of I.T. by 
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Percentage of tree B® (18 min) coming from 
bound Br8%4.4 tr) by isomeric transition. 


c p.m] scale of 16. 
3 3 


& 


mean value for 3 


mean value for 3 experiments. 


after 


Fic. 3. Fic. 4. 


washing. The difference between NV; and J; allows us to 
determine the percentage of Br®(4.4 hr) which by 
washing is not in equilibrium with its Br®(18 min) 
of LT., 


to=255 
M-Na=y f etd, 
t1;=180 


Evaluating y, 
—2(Ni—N2) 


en A2t2— eT het 





= 


The value of y divided by the activity of Br®(4.4 hr) 
which is supposed to be in equilibrium with its 
Br®(18 min) of I.T. after 172 minutes, gives the 
percentage of Br®(4.4 hr) in the bound state which is 
not in equilibrium with its Br®(18 min) of I.T. in the 
washed liquid. 

(c) Experimental results —The application of these 
formulas to the results of the experiments gave the 
results shown in Table II for the mean value of three 
experiments. 


2. Determination of the percentage of Br®(18 min) of 
isomeric transition in a free state, proceeding from 
Br® (4.4 hr) in bound state 


(a) Procedure-—The Br®(4.4 hr) and Br®(18 min) 
were taken off in the free state by a first washing done at 
the 172nd minute. A second washing done at the 246th 
minute removed the Br®(18 min) of I.T. in the free 
state and coming from the Br®(4.4 hr) in a bounded 
state. 

(b) Calculations.—See 1. (6) 

(c) Experimental results (Figs. 3 and 4).—Results of 
Table III are the mean value of three experiments. The 
experimental results show a difference for normal and 
isopropyl bromide. 
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TABLE III. 








Normal propyl bromide 


Isopropyl! bromide 





N2’ =4821 

Ni’ =5249 

pPos= 150.6 

N1'—N2!=428 

y= 24.6 

The percentage of Br®(18 min) 
of I.T. in free state proceeding 
from Br®(4.4 hr) in bound state 
is given by 24.6/150.6= 16.3%. 


N2' = 2890 

Ny’ =3595 

Pow= 103.1 

Ni'—N2!=705 

y=40.5 

The percentage of Br®(18 min) 
of I.T. in free state proceeding 
from Br®(4.4 hr) in bound state 
is given by 40.5/103.1= 39.3%. 








3. Determination of the activity picked up by the walls 
of the vessel 


(a) Procedure——After 180 minutes irradiation, the 
vessel was washed thoroughly with a liquid of which the 
activity was afterwards measured. 

(b) Experimental results—The quantities of Br®(18 
min) and Br®(4.4 hr) which are picked up by the walls 
of the vessel during irradiation are determined by a 
washing of the vessel by: (1) distilled water, (2) concen- 
trated NaOH (101). 

Table IV gives the quantities of isomers picked up by 
the walls of the vessel, and by comparison with the 
total activities given in Table V, we have the 
percentage of the activity of the deposit on the walls of 
the vessel and the activity of the normal liquid. 

The activity of washed liquid cannot be influenced by 
the activity picked up by the walls of the vessel, since it 
is taken off by a water washing. Only the unwashed 
liquid can be influenced, but we can neglect them be- 
cause: (1) the percentage is weak; (2) the two isomers 
are influenced in the same proportion. 


4. Determination of the ratios of activity and the retentions 
of the two isomers 


(a) Procedure.—After an irradiation of 180 minutes 
and a washing, we measured the activities of the 
unwashed and the washed liquid. Readings were made 
every three minutes from the 12th minute to the 60th 
minute and every 15 minutes until the 390th minute. 

(b) Calculations.—The activities at the time ‘=0 after 
the irradiation are calculated by the integral method. 

Calculation of C2.9: Activity originating in Br® (4.4 hr) 
extrapolated at ‘=0 after the irradiation. If mo is the 
number of Br(4.4 hr) which are formed per unit time, 
T the time of irradiation, ¢ the time after the irradiation, 
\, the disintegration constant of the Br®(4.4 hr), and 
b= (1—e—"*)/\;, then the quantity of Br®(4.4 hr) 
disintegrating is given by, 

P-dy=19°b- Ay e™ (1) 


The Br®(4.4 hr) is not directly registered by the counter. 
It is measured by Br®(18 min) of I.T. of which the 
quantity disintegrating per unit time is given by, 
Ar‘Ag 
O-Ax= No° (b-e™'§—a-e™) , 
2—Al 


(2) 


where Az is the disintegration constant of Br®(18 min) 
and a=1—¢~*'/dy. The quantity C20 assignable to 
Br®(4.4 hr) is obtained by applying the formula, 


Py— Pte 
C2,.9=————_, (3) 


goa eit 


which is obtained by integrating formula (2) where the 
expression e~—?‘ is considered as being 0 between /; = 390 
minutes and ¢,=180 minutes, and where the activity 
C2.0 is A2/(A2—A1) = 1.073 times greater than the actual 
quantity of Br*(4.4 hr). 

Calculation of C1.o.—Activity of Br®(18 min) directly 
formed at ‘=0 after irradiation. Both isomers being 
present between the 15th and 150th minutes, one must 
subtract from the total activity the activity of 
Br®(4.4 hr) which has disintegrated in the mean time. 

For the first readings, the expression e~** of formula 
(2) is not to be neglected. It gives the activity due to 
Br®(4.4 hr). Calculations and experiments show that 
the two expressions b-e-™* and a-e~**' may vary in 
importance: (1) before washing it depends only on the 
irradiation time; (2) after washing it depends on the 
irradiation time and on the percentage of Br*(4.4 hr) 
not in equilibrium with its Br®(18 min) of I.T. 

Unwashed liquid.—If equilibrium between Br® (4.4 hr) 
and its Br®(18 min) of I.T. is established at 100 percent, 
the activity measured between the 15th and 150th 
minutes will be proportional to 


150 
f edi = 109.3. 
15 


If the equilibrium between Br®(4.4 hr) and its 
Br®(18 min) of I.T. is zero percent at ‘=0, the activity 
measured between the 15th and 150th minutes will be 
proportional to 


150 
J (e™1*— e 2") dt = 94.8. 
15 


Let 1.0 be the measured activity of Br*(4.4 hr) 10 
percent in equilibrium between the 15th and 150th 
minutes, then the activity of Br®(4.4 hr) which is not it 
equilibrium, is given by 


94.8/109.3=0.867. 


As in the unwashed liquid, after three hours irradis: 
tion the quantity of Br®(4.4 hr) which is not in equ: 


TABLE IV. 








% deposit on the 
walls of the vessel 
Br(18 min) Br(4.4hr 


7.5 9.0 
10.4 114 


Activities 
Br(18 min) Br(4.4hr) Ratios 


25.7 4.2 6.06 
35.8 5.3 6.70 


Washing 


Distilled H2O 
NaOH (10 N) 
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librium is equal to 
a/b=25/143=0.18, 


the activity of Br®(4.4 hr) is corrected by the coeffi- 


cient, 
0.82 1.0+-0.18X 0.867 = 0.976. 


From the total activity, measured between the 15th 
and 150th minutes assignable to both isomers, the 
quantity of Br (4.4 hr) to subtract is 


150 
etd, 


0.976XC2.0 f 


15 


The remainder Qi;—Q gives the initial activity of 
Br®(18 min) directly formed by the formula, 


QOts—QOts 
Ci.0=Az 


7 h2ts— gots, 


Washed liquid.—In the washed liquid we have: (1) 18 
percent Br®(4.4 hr) which is not in equilibrium because 
of irradiation and which is measured by the counter only 
after washing; (2) in the remaining 82 percent, experi- 
ments described under 1, determined that there was 
40 percent not in equilibrium. We have thus 0.18+-0.82 
X0.40=0.508 not in equilibrium, and 0.492 in equi- 
librium. 

Since we have 0.508 of Br®(4.4 hr) not in equilibrium 
the activity is to be corrected by: 


0.492 1.0+-0.508 X 0.867 = 0.933. 


From the total activity measured between the 15th 
and the 150th minutes assignable to both isomers, the 
quantity of Br®(4.4 hr) to subtract is equal to: 


150 
0.933XCa0 f edt. 
15 


The calculation of initial activity of directly formed 
Br®(18 min) is made in the same way as for unwashed 
liquid. 

(c) Experimental results.— 

Three hours of irradiation—Mean average life is 
given by the formula, 


1—e7(AT+1) 
\(1—e>7) 


f= 





where T is the time of irradiation. We find for Br®(18 
min): 25.8 min and for Br®(4.4 hr): 81.3 min. 

The measurements of ratios of activities and re- 
tentions in normal and isopropyl bromide have been 
made in three conditions: (1) Without adding free 
bromine: Table V. (2) With addition of 10~ mole of 
bromine: Table VI. (3) With addition of 10? mole of 
bromine: Table VII. 

In the tables the 


symbols employed are: 
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TABLE V. 








Without addition of free bromine 


Normal propyl bromide 
Unwashed liquid Washed liquid 
Ci.0 


C2.0 C2.0 
31.1 145.0 25.4 
186.6 


32.9 28.9 
172.3 


25.9 
192.5 30.5 
231.4 35.2 
203.4 33.0 
278.1 39.6 
227.9 37.1 
233.6 


36.6 
236.5 36.9 


Ratios 


5.70 
6.45 
6.65 
6.31 
6.57 
6.16 
7.02 
6.14 
6.38 
6.40 


Ratios 


7.94 
7.55 
7.51 
7.49 


Cio 


247.1 
248.6 
225.3 
304.9 
267.5 
411.0 
274.9 
310.5 
288.6 
342.1 
284.6 
298.4 
287.6 
304.3 
280.0 
327.3 
277.9 
290.9 


(Ci.0) y= 292.8+9.4 

(Co.0) v= 38.6+0.9 
Ry=7.58+0.20 

Ry= 7.58+0.29 

Ret. Br(18 min) =0.72+0.05 
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(C1.0) y= 210.7411.5 

(Co.0) ay=32.941.5 
Ry=6.40+0.10 
Ry=6.40+0.45 

Ret. Br(4.4 hr) =0.85+0.05 





Isopropyl bromide 
Washed liquid 


C2.0 


19.4 
23.7 
23.1 
22.7 
29.9 
21.9 
24.8 
25.3 
28.7 
19.5 


Unwashed liquid 
C2.0 


54.5 
43.5 
47.5 
55.7 
49.2 
44.7 
41.4 
49.4 
40.9 
41.0 
34.0 
33.4 
37.4 
37.7 
35.4 
35.3 
34.4 
32.9 


Ratios 


5.26 
4.73 
5.29 
4.67 
5.55 
5.17 
4.75 
3.73 
5.11- 
5.13 


C1.0 


102.1 
112.3 
122.3 
106.1 
166.2 
113.3 
117.8 

94.4 
146.9 
100.6 


Ci.0 Ratios 
364.1 
305.6 
334.1 
434.0 
345.5 
346.2 
295.2 
452.9 
285.7 
344.5 
253.4 
262.3 
267.1 
323.1 
266.3 
294.8 
267.2 
275.2 


(C1.0) ay=317.6+13.7 
(Co,0) y= 41.541.7 
Ru=7.65+0.23 
Ray=7.65+0.45 

Ret. Br(18 min) :0.37+0.02 
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(C1.0) y= 118.2+6.7 

(C2.0) y= 23.941.0 
Ru=4.94+0.15 

Ry =4.94+0.35 

Ret. Br(4.4 hr) :0.58+0.03 








(Ci.0)w=average activity of Br®(18 min), (Co.0)m 
=average activity of Br®(4.4 hr), Ra=mean of the 
ratios of the activities: Br®(18 min)/Br®(4.4 hr), 
Ry=ratio of the average activities: (C1.0)w/(C2.0)m, 
Ru= Ry washed liquid/Ry unwashed liquid. Ra= Rw 
washed liquid/R,, unwashed liquid. Ret=retention.. 

One hour of irradiation—Only with isopropyl 
bromide+10~ mole of bromine. Mean average life is 
found to be 19.3 min for Br®(18 min), and 29.2 min for 
Br®(4.4 hr)* (Tables VIII and IX). 

* These experiments of one-hour irradiation were suggested by 


Professor W. F. Libby who kindly read our manuscript. We thank 
him very much. 








TABLE VI. 








With addition of 10-4 mole of bromine 
Normal propyl bromide 





Unwashed liquid Washed liquid 

C1.0 C2r.0 Ratios C1.0 C20 Ratios 
204.8 27.4 7.47 170.9 23.9 7.15 
266.0 33.9 7.84 128.3 21.1 6.08 
225.4 30.4 7.41 169.9 25.3 6.71 
319.4 35.4 9.02 140.9 24.1 5.84 
(C1.0) ayv= 253.9+21.9 (C1.0) y= 152.549.2 

(Co,o) ayv=31.8+1.5 (C2.0) av= 23.6+0.8 
Ru=7.98+0.32 Ru=6.46+0.26 
Ray =7.98+0.79 Ray =6.46+0.44 
Ret. Br(18 min) : 0.60-+-0.06 Ret. Br(4.4 hr) :0.74++0.04 





Isopropy! bromide 





Unwashed liquid Washed liquid 

Cie C2.0 Ratios C1.0 C2.0 Ratios 
261.4 40.0 6.53 90.9 14.4 6.31 
301.4 38.1 7.91 70.7 13.1 5.40 
219.4 28.7 7.64 93.7 15.3 6.12 
336.2 42.3 7.94 76.1 15.9 4.78 
(C1.0) v= 279.6421.8 (C1.0) y= 82.8+4.8 

(C2.0) v= 37.342.6 (Co,0) ay= 14.7+0.5 
Ry =7.49+0.28 Ry=5.63+0.30 
Ry=7.49+0.78 Ray =5.63+0.38 


Ret. Br(18 min) : 0.30+0.03 Ret. Br(4.4 hr) :0.39+0.03 











CONCLUSIONS 


1. The Existence of a Difference in the Retentions 
of the Two Isomers of Bromine in the 
Liquid Phase 


As we have previously pointed out, in considering the 
ratios of activities Br(18 min)/Br(4.4 hr), distinction 
must be made between Ry: the mean of the ratios of the 


TABLE VII. 











With addition of 10-2 mole of bromine 
Normal propyl bromide 





Unwashed liquid Washed liquid 

C1.0 C2.0 Ratios C1.0 C2.0 Ratios 
181.1 23.9 7.57 131.8 27.1 7.70 
324.7 34.8 9.33 138.5 20.3 6.82 
234.6 28.1 8.34 173.9 25.1 6.92 
337.5 34.9 9.67 137.3 19.1 7.18 
(C1.0) y= 269.5432.3 (C1.0) v= 145.4+8.3 

(C2.0) ay=30.44+2.3 (Co.0) ay= 20.441.5 
Ry=8.86+0.40 Ry=7.12+0.18 
Ray =8.86+1.26 Ray=7.12+0.66 
Ret. Br(18 min) = 0.54+0.07 Ret. Br (4.4 hr) =0.67+0.07 





Isopropyl bromide 





Unwashed liquid Washed liquid 

C1.0 C2.0 Ratios C1.0 C2r.0 Ratios 
211.2 28.6 7.38 78.1 11.4 6.85 
131.0 17.9 7.31 57.6 9.3 6.19 
119.9 17.4 6.89 71.0 10.1 7.03 
148.7 16.5 9.01 60.4 10.7 5.64 
(C1.0) y= 152.7+17.6 (Ci.0) v= 66.8+4.1 

(C2,0) ay= 20.142.5 (C2,0) av= 10.4+-0.4 
Ry=7.59+0.30 Ru=6.42+0.34 
Ray =7.59+1.28 Ray =6.42+0.46 

Ret. Br(18 min) : 0.44+0.05 Ret. Br(4.4 hr) :0.52+0.08 
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activities and Ra the ratio of the average activity. Ry 
yields a more accurate result than Ra, because Ray does 
not include the experimental errors of the activities, 
which vary from one experiment to another. Our argu. 
ment is that a difference between the Ry of the washed 
liquid and the Ry of the unwashed liquid proves 
















































































































undoubtedly a difference in the retentions whatever the az 
true retention may be. A great number of experiments J Rw ' 
will reduce the experimental error on Ra, as we have ra 
already shown for CsHsBr and for normal and isopropyl § Ret. 
bromide without bromine. The results compiled in & Ret. 
Table IX show that in every case “Ry washed” is — — 
different from “Ry unwashed.” The same is also found 
for the ratio ®y=Ry washed/Ry unwashed. The § !4 
results obtained by using Ra, = Ra washed/ Rx», unwashed Lib 
are not so conclusive and this is due only to the fact that — '®! 
Rw includes the experimental errors on the absolute dithe 
activities. Our object is not to obtain the real value of Bf 
the retention, but only to show there exists a difference ae 
. . . | 
in the retentions of the isomers. a 
The impurities do not have to be taken into account rt 
Taste VIII. 3 
Isopropyl bromide +10~4 mole of bromine tinal 
Unwashed liquid Washed liquid disso 
C1.0 C2.0 Ratios C1.0 C2.0 Ratios An 
254.0 14.9 17.0 105.6 7.4 143 fF ward 
213.1 12.7 16.8 129.6 8.4 15.4 (a) 
200.9 12:1 16.6 113.6 ie 147 © 
254.2 14.3 17.8 102.3 7.6 13,5 MOUs 
speak 
(C1.0) v= 230.5-12.0 (C1.0) v= 112.8-45.3 aie 
(C2.0) y= 13.540.6 (C2.0) v= 7.60.25 d 
Rw=17.1+1.16 Rw = 14.8+0.84 ane 3 
Ru=17.1+40.23 Ru=14.8+0.34 Willa: 
Ret. Br(18 min) :0.49+-0.03 Ret. Br(4.4 hr) : 0.56+0.03 (b) 
power 
in the determination differences, by the fact that the . th 
value of Ry is different for the washed and unwashed bl ; 
liquid: (a) with or without added bromine; (b) with fo , 
different average life—one hour and three hours i f° “~~ 
irradiation; (c) with the neutron energy (4). The mete 
impurities should play a role in the measurement of the Kp “« 
true retention. 
On 
2. Interpretation ane 
gamm: 
1. The fact of finding different retentions for tht ¥ levels 
isomers of bromine with the propyl bromide only go® & quent] 
to confirm that which had been obtained by the authot § canty, 
with monobromobenzene' and bromoform? and by othe! rapidly 
authors under different conditions.'® ition of 
It corroborates that which we know about the capture On t 
levels of bromine! and the differences in the formation 4 Ff differe, 
the two isomers as a function of the energy of tht Bexclusj 
neutrons.'® On the other hand, these experiment Meventy 
nt Cc 
15 A. Maddock and J. Green, J. chim. phys. 48, 207 (1951). 1 Cle, 






16 Katz, Pease, and Moody, Can. J. Phys. 30, 476 (1952). (1952), 
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RETENTIONS OF 


ISOMERS OF Br®°® 


TABLE IX. 


IN PROPYL BROMIDES 








Without bromine 


n. Prop. Brom. 


Isopr. Brom. 


Three hours of irradiation 
+10-4 mole of Bre 


n. Prop. Brom. 


Isopr. Brom. 


+1072 mole of Br2 


n. Prop. Brom. 


Isopr. Brom. 


One hour 


+10~4 mole of Bre 


Isoprop. Br. 





Ry washed liquid 
Ry unwashed liquid 


Ru 

Ry washed liquid 
Ry unwashed liquid 
Rwy 

Ret. Br(18 min) 

Ret. Br(4.4 hr) 


6.40+0.10 
7.58+0.20 
0.84-+0.04 
6.40+0.45 
7.58+0.29 
0.84+0.09 
0.72+0.05 
0.850.05 


4.94+0.15 
7.65+0.23 
0.650.07 
4.94+0.35 
7,650.45 
0.65+0.14 
0.37+0.02 
0.58+0.03 


6.46+0.26 
7.98+0.32 
0.810.07 
6.46+0.44 
7.98+0.80 
0.810.12 
0.60+0.06 
0.740.04 


5.63+0.30 
7.49+0.28 
0.750.09 
5.6340.38 
7.49+0.78 
0.75+0.16 
0.30+0.03 
0.39+0.03 


7.12+0.18 
8.86+0.40 
0.80+0.06 
7.12+0.66 
8.86+1.26 
0.80+0.21 
0.54+0.07 
0.67+0.07 


6.42+0.34 
7.59+0.30 
0.850.08 
6.42+0.46 
7.59+1.28 
0.85+0.21 
0.44-+0.05 
0.520.07 


14.5 +0.34 
17.1 +0.23 
0.85+0.03 
14.5 +0.84 
17.1 +1.16 
0.850.09 
0.49+0.03 
0.56+0.03 








lead to a conclusion different from that of Fox and 
Libby" who do not find any difference between the 
retentions of isomers for the propyl bromides. It is 
dificult to see how to explain this disagreement between 
Fox and Libby and the authors. The greatest differences 
seem to lie in the intensity of irradiation which is 
5X10! neutrons/sec/cm? for us and 10’ for Fox and 
Libby. One might well wonder whether the great 
density of the neutrons could have a positive action in 
the secondary effects. 

2. The differences between the retentions must come, 
finally, from a difference at the moment of the complex 
dissociation. ; 

Among numerous hypotheses which can be put for- 
ward let us retain only the following: 

(a) If the first gamma of the cascade is powerful 


' enough and is not subject to internal conversion, one can 


speak of the dissociation of the molecule by recoil. It 
will result in the possibility of a “hot atom reaction” 
and also in all the effects discussed by Goldhaber and 
Willard." 

(b) If the first gamma of the cascade is not very 
powerful and is subject to internal conversion, one will 
see the bromine ionize many times by the Auger effect, 
the molecule break up by repulsion, and one will not be 
able to speak of the recoil effect as such. It is this which 
goes on in the I.T. 

It does not seem that the first hypothesis in itself can 
explain the differences obtained between the retentions 
of the two isomers. 

On one hand, in order for this hypothesis to be 
correct, it would be necessary for the first capture 
gamma to be very powerful and therefore come from the 


levels of a very short average life. It follows, conse- 


quently, a great possibility in order that the second 


*# ‘apture gamma, also very powerful, might be emitted 


rapidly and annul the effect of the first,!” “the cancella- 
tion of y recoil momenta is extensive.” 

On the other hand, it has shown theoretically that the 
difference between the retentions could not be explained 
exclusively by the “billiard ball process” as it is only 


‘ventually for recoil energies of a few volts.® 
ee 


| "Cleary, Hamill, and Williams, J. Am. Chem. Soc. 74, 4675 


(1952) 


Several experimenters®:*.17—9 have foreseen all the 
consecutive effects both primary and secondary, on the 
recoil of bromine. 

The second hypothesis, on the contrary, seems to have 
certain advantages.” ~*’ For an atom already heavy, as 
bromine, the complex capture levels are close. It is 
therefore probable that the first gamma might not be 
very powerful, falling into a level of relatively long 
average life, so that the second gamma does not annul 
the effect of the first. This would be in agreement with 
the experiments of Wexler and Davies”® who show the 
existence of not very powerful capture gammas, 
strongly converted. The phenomena of retention of 
Br®(4.4 hr) and Br*(18 min) formed in the capture 
would be of a similar mechanism to that which occurs 
for Br®(18 min) in the I.T. One would be tempted to 
conclude like Hornig, Levey, and Willard’® as we have 
already said that “it appears likely that reaction results 
directly or indirectly from the charge.” 

“The value of +10 for the charge of the fragments 
from I.T.” obtained by Wexler and Davies”® must lead 
to the existence of an ion of which it would be interesting 
to know the life, and which should be put in relation to 
the long life of Br*°(4.4 hr) encountered experimentally.* 

The mechanisms of charge and discharge would be 
clearly different for the two isomers and would be able to 
explain the difference found in the retentions.?*.” 

3. We do not know whether the difference found be- 
tween there tentions for the normal propyl bromide and 
isopropyl bromide should be attributed to the chemical 
nature of the molecules or to the impurities. The fact of 
seeing the same variation in the presence of bromine, 
that is to say in the blocking up of the impurities seems 
to give strength to the first hypothesis. This seems also 


18 Hamill, Williams, Schwarz, and Voiland, U.S. Atomic Energy 
Commission (U.) Report March 1, 1951. 

9 Hornig, Levey, and Willard, J. Chem. Phys. 20, 1556 (1952). 

2S. Wexler and T. Davies, J. Chem. Phys. 20, 1688 (1952). 

21'B. Hamermesh and V. Hummel, Phys. Rev. 83, 663 (1951). 

22M. Goldhaber and A. Sunyar, Phys. Rev. 83, 906 (1951). 

23 E. Amaldi and F. Rasetti, Ricerca Sci. 10, 115 (1939). 

%S. Yosim and T. Davies, J. Phys. Chem. 56, 599 (1952). 

26 FE. Jacobi, Helv. Chem. Acta 35, 1480 (1952). 

26S. Wexler and T. Davies, Phys. Rev. 88, 203 (1952). 

27S. Wexler and T. Davies, J. Chem. Phys. 18, 376 (1950). 

28 W.H. Hamill and J. Young, J. Chem. Phys. 20, 888 (1952). 

2 J. Magee and E. Gurnee, J. Chem. Phys. 20, 894 (1952). 
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to be confirmed by the fact that at the time of the I.T. 
starting from Br®(4.4 hr) bounded, the isopropyl 
bromide gives 40 percent of Br®(18 min) free, whereas 
the normal propy] bromide gives only 16 percent. 


P. C. CAPRON AND E. CREVECOEUR 


We want to express our sincere thanks to the Union 
Miniére du Haut Katanga, who has most generously 
lent us the radium-beryllium sources used in these 
experiments. 
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Segmental Mobility of Polymers Near Their Glass Temperature 


F. BuEcHE* 
Department of Physics, University of Wyoming, Laramie, Wyoming 
(Received March 19, 1953) 


Glass forming polymers exhibit a rapid rise of activation energy for molecular motion as 7' is lowered 
through the glass temperature. This phenomena is explained here in two different but largely equivalent 
ways. The first method assumes that in order for a polymer segment to move (i.e., rotate or jump) an energy 
greater than a critical energy E must be localized on it and its neighbors. The second approach stipulates that 
a segment may not move unless more than a certain critical amount of free volume is associated with it and its 
neighbors. Both approaches lead to good agreement with experimental data available for polystyrene and 
polyisobutylene. The critical values of EZ and the free volume for these polymers are found and shown to be 
reasonable. Conclusions are drawn concerning factors influencing the glass temperature. 


INTRODUCTION 


T has been known for some time that many liquids 
which do not crystallize upon cooling undergo a 
transformation in many of their properties at a so-called 
glass temperature.' Above this temperature these sub- 
stances behave much like normal liquids and below they 
appear to be typical noncrystalline solids. In the 
neighborhood of the glass temperature 7, peculiar 
effects are observed. 

Even though the glass temperature is now generally 
recognized to be the temperature at which the period of 
molecular motion approaches the time scale of experi- 
ments, some of the accompanying phenomena are still 
only vaguely understood. Of these, one of the most 
puzzling is the fact that the activation energy for 
molecular motion increases many-fold as JT, is ap- 
proached from above. In this paper we shall offer a 
simple theory for this effect. The theory will be outlined 
in two different ways, the first based upon the concept of 
activation energy and the second based upon the 
concept of free volume. Although the end results appear 
to be largely equivalent, each formalism has features 
which make it more easily applied to certain problems 
than the other. The treatment will be limited to the case 
of glass forming polymers, but its wider application 
should be obvious. 

Striking evidence of the changing activation energy 
for molecular motion is shown by various data taken on 
bulk polymers near their glass temperature (sometimes 
called the “apparent second-order transition tempera- 


* Present address: Rohm and Haas Research Laboratories, 5000 
Richmond Street, Philadelphia, Pennsylvania. 

1R. Boyer and R. Spencer, Advances in Colloid Science (Inter- 
science Publishing Company, New York, 1946), Vol. 2. 


ture”). For example, Fox and Flory have carried out 
extensive viscosity measurements on the two polymers, 
polystyrene? and polyisobutylene.* They find that the 
activation energy for viscous flow is far from constant 
for these materials, being both a function of temperature 
and molecular weight. A study of the system polystyrene 
—diethyl benzene shows that the activation energy is 
highly dependent upon diluent concentration as well.‘ 

Recently some progress has been made _ towards 
interpreting bulk viscosity data on high polymers.’ It 
has been shown both experimentally and theoretically 
that the activation energy for viscous flow is identical to 
that for diffusion and for dipole rotation when the 
dipole is attached directly to the chain. In fact a relation 
was derived which states that the bulk viscosity of a 
polymer is given by 


R? pA kT 


rink. sath (1) 


M 16 a’P 


where R is the mean square end-to-end chain length fora 
molecular weight M, p is the density of polymer in the 
mixture, A is Avogadro’s number, k is Boltzman’s 
constant, 7 is the absolute temperature, a is the 
segmental jump distance, and N* is an effective molecu- 
lar weight. P is the jump frequency for the segments of 
the polymer. Since P is by far the most temperaturt 
sensitive quantity in the above expression, a calculation 
of the activation energy for viscous flow reduces 
essentially to a calculation of the jump frequency of the 


2 T. G. Fox and P. J. Flory, J. Appl. Phys. 21, 581 (1950). 

3T. G. Fox and P. J. Flory, J. Phys. and Colloid Chem. 55, 22! 
(1951). 

4 F. Bueche, J. Appl. Phys. 24, 423 (1953). 

5 F. Bueche, J. Chem. Phys. 20, 1959 (1952). 
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polymer segments. This is also the important tempera- 
ture sensitive factor for dielectric phenomena and for 
diffusion. It is this quantity we propose to calculate. 
Our method of calculation is actually a modification 
of one first presented by Eyring.* His method was 
originally proposed for small molecules, but it has been 
used in a much more general field. Essentially he 
postulated that two things are necessary for molecular 
motion: (1) an energy ¢: must be available to provide a 
hole into which the molecule can move, and (2) an 
energy €2 must be furnished to the molecule in order for 
it to break free from its neighbors and pass into the hole. 
It was then found that the jumping frequency was given 


b , 
Pg=A expl—(er+«)/RT], (2) 


where A is a frequency factor which Eyring was able to 
express in terms of known physical constants and the 
entropy of activation. Since the entropy of activation is 
not easily calculated without recourse to experiment, 
we shall not attempt its calculation here. We shall 
assume it to be negligibly temperature-dependent in 
comparison to the energy factor. 

Eyring’s model has been shown to be somewhat 
incorrect for diffusion in even fairly simple crystalline 
substances.’ A more realistic model (particularly for 
nonsymmetric molecules) is one which allows a cooper- 
ative movement of molecules or polymer segments. In 
such a model, the movement of a single segment is 
accompanied by a compensating movement of several 
other segments. A hole the size of the moving segment is 
not necessary. It is this picture which we wish to put on 
4 quantitative basis. In the next section we treat the 
problem from an energy viewpoint, and, in the section 
following that, we attack the problem from the stand- 
point of free volume. 


ENERGY CONSIDERATIONS 


We shall assume that for one segment to move or 
totate, an energy E must be localized on it and its 
neighbors. The exact number of participating segments 
will not be needed but for convenience we shall say that 
q segments are involved. Our problem of calculating the 
segmental jumping frequency therefore reduces to the 
problem of calculating the probability that thermal 
energy fluctuations will lead to an energy of E or more 
localized on g segments. This is a simple calculation in 
fluctuation theory and it is carried out below. 

It is known that the distribution function for fluctua- 
tions of a variable such as the energy e is given by 


S(Q)=C exp{—LU(€)—TS(¢) ]/RT}, (3) 

where C is a normalization constant.® U(e) is the energy 
°H. Eyring, J. Chem. Phys. 4, 283 (1936). 

"See, for example, the chapter by C. Zener in Imperfections in 


sn? Perfect Crystals (John Wiley and Sons, Inc., New York, 


* See, for example, J. C. Slater, Introduction to Chemical Physics 
(McGraw-Hill Book Company, Inc., New York, 1939). 


associated with a system ina state ¢ (in our case U(€) =e), 
and S(e) is the entropy associated with a system in a 
state e. T is the absolute temperature, and R is the gas 
constant. The main assumption made in the derivation 
of this relation is that f(€) have a rather sharp peak. 
This condition will be satisfied unless T becomes very 
large compared to the glass temperature and so it may 
be used as a good approximation for our present 
purposes. 

The usual procedure is to expand the exponent in a 
Taylor series about the maximum of the function and 
drop higher terms. We cannot do that here, since our 
main interest will be in the region of the tail of the 
distribution. However, we can go ahead and carry out 
the expansion making use of the facts that de/de=1, 
d«/de=0, and dS/de=1/T, 3S/db=—C/T?, etc., 
where C is the specific heat of the g segments under 
consideration. Actually some uncertainty exists as to 
whether one should use C, or C, under these conditions. 
This is of minor consequence, however, since it may be 
shown that they differ by only a few percent in the case 
of polymers. After carrying out the expansion one finds 
that the series can be summed so as to give 


e—TS= €9— TSo+C[In(1+8)—6], 


where B= (e—€9)/CT and the subscript zero indicates 
values at the maximum of f(¢). Substitution back into 
the expression for f(€) leads to 


f()=K exp{ (C/R)[In(1+8)—86)}, (4) 


where K is the normalization constant and is essentially 
given by 


K=(xRCT?)-. 


If we multiply f(€) by a frequency factor B analogous 
to but not equal to the factor A used above, we can 
obtain the segmental jumping frequency by integrating 
over all values of «>. Doing this we obtain for the 
jumping frequency P, 


P= Pafexp(—E/RO)Z(E/R) n/n! 
(S) 


P=Po{1—[exp(—E/RT)] . (E/RT)*/n}}, 


where 


Po= B(C/rR)}(a!/a*) exp(—a) 
a=C/R. 


and 


In deriving these relations we have made the substitu- 
tion that ¢,=CT. This is not precisely correct since it 
assumes C to be constant for all temperatures. However, 
the above relations still hold provided we redefine E as 
being the former E plus the error in the above relation. 
That is, if ¢=CT—6, then E should really be our 
original value plus 6. Within the range of experiments 
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loq(P,/P) 








2.0 
log (E /RT ) 
Fic. 1. Theoretical curves showing the variation of jump fre- 


quency with temperature as found from energy considerations. 
The a-values are indicated on the curves. 


we will be considering (i.e., from 7, to about T7,+150) 
the quantity 6 will not vary appreciably and so E will 
still be essentially constant with temperature. 

It is clear that the above expressions involve only two 
parameters other than the proportionality constant Pp. 
They are E and C. To best illustrate our result we have 
plotted a family of curves in Fig. 1 relating log(Po/P) 
and log(E/RT) for different a=C/R values. 

But from Eq. (1) we have 


logn=log(1/P)+log[ (R2pARTN*)/(16Ma?*) ]. (6) 


Since the factor in square brackets is only slowly 
varying in comparison to P, we see that a plot of any 
experimental viscosity data in the form of logy vs 
log(1/T) should be able to be fitted to one of the 
theoretical curves by a simple shifting of axes. Of course 
the axes must be kept parallel. After a fit has been 
obtained, the vertical line log(1/T)=0 of the experi- 
mental curve will coincide with the vertical line 
log(E/R)*of¥the theoretical curve and so E is deter- 
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Fic. 2. Comparison between experiment and theory for poly- 


styrene. The experimental points are from the data of Fox and 
Flory. a was taken equal to 220. 
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mined. The value of C is characteristic of the curve 
which provides a fit and so it too is determined. 

To test the theory we have made use of the extensive 
data of Fox and Flory?* on the temperature and 
molecular weight dependence of the viscosity of poly- 
styrene and polyisobutylene. Their data have been 
treated as outlined above and have been found to fit the 
theory quite accurately. This is shown in Figs. 2 and 3. 
In each case the line was calculated from theory. The 
experimental points were fitted as outlined above. Not 
all the data on either polystyrene or polyisobutylene 
were used for these figures, but it all fits equally well. 
The data shown are in each case for two of the most 
extensively measured fractions. 

Figure 2 shows the polystyrene data using Fox and 
Flory’s fractions C8 (M=3000) and B6 (M=5600). 
From these data we conclude that C/R= 220. The error 
in C is of the order of 8 percent due to uncertainty in 
which curve fits most accurately. Using the fact that C, 


r loqg(R/2P) J 
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Fic. 3. Comparison between experiment and theory for poly- 
isobutylene. The experimental points are from the data of Fox and 
Flory. a was taken equal to 29. 


above the transition temperature for polystyrene 1s 
about 48 cal/mole styrene unit,? we see that q, the 
number of participating segments, must be about 9. 
This is certainly in a reasonable range. 

Figure 3 shows the data on polyisobutylene obtained 
by Fox and Flory. The fractions used were PRIF3 
(M=5400) and PB4F1 (M=80 000). Again the data fit 
the theoretical curve within the experimental accuracy. 
In this case C/R=29 with an uncertainty of about +° 
percent. It is seen that the number of cooperating 
segments for this polymer is much smaller than for 
polystyrene. Probably the number is only 3 or 4. This 
not unexpected since polyisobutylene has a much less 
bulky structure than polystyrene. 

In all of the above discussion we have tacitly assumed 
that variation of molecular weight (i.e., addition of 
chain ends) does not alter the number of cooperating 
segments (i.e., C) but only influences E. This cannot be 


9 R. Buchdahl and L. E. Nielsen, J. Appl. Phys. 21, 482 (1950). 
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expected to be true for an indefinite lowering of M, but 
it appears to be satisfactory within the ranges studied. 
However, we can now show how E varies with M since 
E also is obtained from our curve fitting. We would 
expect E to decrease linearly with the number of chain 
ends or as M~. The values of E are plotted against M— 
in Figs. 4 and 5. 

The data on polystyrene shown in Fig. 4 definitely 
bear out this assumption. Unfortunately, the poly- 
isobutylene data in Fig. 5 are not sufficiently accurate to 
allow us to draw any conclusion in that case. It is seen 
that the limiting Z for high molecular weight is 240 
kcal/mole and 35 kcal/mole for polystyrene and poly- 
isobutylene, respectively. 

Although the above treatment is seen to lead to 
reasonable results, it has the disadvantage that its 
results are expressed in terms of energy. Such a result is 
not easily applied to data dealing with the effects of 
diluents since, even at moderate diluent concentrations, 
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Fic. 4. Variation of the critical energy with molecular weight for 
polystyrene. £ is in cal/mole. 


both C and E will vary. Also, the above treatment will 
not be easy to apply at the transition temperature itself 
since C varies rather rapidly within a few degrees of Ty. 
For these reasons it was felt that a similar treatment 
based upon a free volume viewpoint might be of con- 
siderable value. This has been carried out, and the 
results are summarized in the following paragraphs. 


VOLUME CONSIDERATIONS 


In this section we shall assume that a polymer 
segment will be able to jump or rotate whenever the 
density of segments around that segment becomes 
smaller than a certain critical value. Stated mathe- 
matically, we shall stipulate that it is possible for a 
segment to move whenever a certain number of seg- 
ments normally occupying a volume V» has its volume 
enlarged to Q or greater due to thermal density fluctu- 
ations. 


E/10° 


Fic. 5. Variation of 
the critical energy with 
molecular weight for 
polyisobutylene. £ is in 
cal/mole. 
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This again is a problem in fluctuation theory and we 
must find the distribution function for density fluctu- 
ations. From Eq. (3) we have that the probability that a 
group of segments which on the average occupy a 
volume equal to Vo finds itself in a volume V is given by 


f(V)~exp{—[U(V)—TS(V)]/RT}. 
Expanding about the most probable volume (Vo) gives 
U—TS=Uo—TSo+ (V—Vo)*/(28Vo), 


where 8 is the isothermal compressibility. This then 
gives 


f(V) = (2nBV RT) exp{ — (V—Vo)?/(28VoRT)}. 


The number of segments able to move is proportional 
to the number having a volume greater than Q. There- 
fore it is given by 


J “ (W)av, 


2{1— &[ (Q—Vo)/(28VoRT)*}}, 


which is equal to 


where 


(x)= (4/n)! f exp(—y")dy. 


This is a well-known tabulated function. 
Or, for the frequency of rotation we have 


P=}Po{1— &2[ (Q—Vo)/(28VoRT)!}}. (7) 


The proportionality constant Po used here is not equal 
to the similar quantity used in the first part of this 
paper. However, its significance is essentially the same. 

Here, as was done with the previous result, we can 
compare experiment and theory by plotting log(Po/P) 
against some variable and comparing it with an experi- 
mental plot of logy against the same variable provided 
we ignore slowly varying factors. Again, aside from the 
proportionality constant Po, we have two parameters, 
in this case Vo and Q. The parameter Vo will be pro- 
portional to the specific volume of the polymer and so 
can be written as 


Vo= VooL1+ (ay+ a2) T) for T> | (8) 
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Fic. 6. Theoretical curves showing the variation of jump fre- 


quency with temperature as found from free volume considera- 
tions. The numbers on the curves indicate the value used for A. 


In this expression a; is the volume thermal expansion 
coefficient characteristic of the solid-like expansion of 
the polymer and a+ a is the total expansion coefficient 
in the liquid like region, i.e., T>T,. 

The quantity Q is not so well known. It is, of course, 
the critical volume necessary for rotation. Although no 
proof has been presented for the assertion, many 
authors assume that free volume (volume effective in 
allowing rotations) is the volume in excess of that which 
the substance occupies due to actual solid-like ex- 
pansion. The argument often used to justify this as- 
sumption is that thermal vibrations actually account 
for the solid-like expansion and this volume is not 
available for rotation purposes. The validity of this 
assumption is supported by comparing our above result 
with experiment. 

If we accept that 7, actually represents the tempera- 
ture at which P takes on a certain critical value (shown 
to be about 0.1 in reference 5 and fairly well confirmed 
by the work of Baker e¢ al.°}, we see that from Eq. (7) 
this must represent a condition where 


(Q—Vo)/(VoT)*=constant. (9) 


But Fox and Flory” have shown that 7, actually occurs 
at a fixed free volume defined in the sense indicated 
above as closely as their experiments can tell. Since this 
was true even though 7, was varied through a range of 
about 50 degrees, it is clear that Q cannot be inde- 
pendent of temperature. In fact it is required that 
Q= (Qoo+a1V 007) in order for the above experiments to 
be satisfied. This in effect shows that the solid-like ex- 
pansion of the polymer does not yield appreciable 
volume which is effective in aiding segmental move- 
ments. 

Taking this form for Q and using the value of Vo 
from Eq. (8) we find that for the region T>T, 


P=}Po{1— &[4/(BT')—BT4}}, (10) 


1” Baker, Auty, and Ritenour, J. Chem. Phys. 21, 159 (1953). 
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where 


B= a2(Vo0/2BR)! and A= ao (Qoo— V 00) /2BR. 


In arriving at this result we have neglected small 
terms in a’. The error introduced by this may be shown 
to be negligible for our purposes. 

From the form of the above relation it seems that the 
best comparison between experiment and theory may be 
obtained by comparing plots of log(Po/2P) vs log(B°7) 
and logy vs log(T) using A as a parameter. A family of 
curves showing log(Po/2P) vs log(B*T) for different 
values of A is plotted in Fig. 6. As in the previous 
section we have fitted Fox and Flory’s data on poly- 
styrene and polyisobutylene with our theoretical for- 
mula. The results are shown in Figs. 7 and 8. It is clear 
that the theory is capable of fitting the experimental 
data. 

The values obtained from the curve fitting are that 
A=100+10 and B=0.45 for polystyrene (M= 3000). 
For polyisobutylene we have A = 20+3 and B=0.19 for 
M=5400. From these values we can compute (poo and 
Voo provided the compressibility 8 and the expansion 
factor a: are known. Fortunately, neither one of these 
quantities is very critical for this computation. 

Using B=0.7X10-” dyne™ and a2=4X 10~ degree™ 
as the constants for both polymers (which seem to be 
about an average of the literature data), one finds that 
Voo=4300 cubic angstroms for polyisobutylene and 
24 000 for polystyrene. The ratio Qoo/Voo is 1.22 for 
polyisobutylene and 1.20 for polystyrene. These latter 
two values are amazingly close together and indicate 
that about the same percentage of free volume is needed 
for rotation in both polymers. 

The values for Voo might at first sight seem too large 
to be reasonable, representing cubes of sides 16 and 28 
angstroms. Certainly the number of segments in such 
volumes are much larger than the number of cooperating 
segments found by our first method of calculation. 
However, a simple approximate calculation shows that 
the energy found by method one is about that which 
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Fic. 7. Comparison between experiment and theory for poly- 
styrene. A was taken to be 100. 





It < 
can a 
ment: 
cepts 
can k 
ment 
apply 
more 
result 
Eq. | 
transi 
which 
Howe 
ample 
data 
A, sir 
weigh 
own | 
largel 
partic 

It s 


SEGMENTAL 


would be needed to expand a volume V» to the critical 
size found by method two. From this one is led to the 
following interrelation between the results of the two 
methods. In order for a segment to rotate, a certain 
energy E must be localized on it and its neighboring 
segments as found by method one. This energy is then 
at least partly dissipated in doing work against the 
surroundings so as to expand the volume available to 
these and the neighbor segments. If the energy was E or 
larger, the free volume thus provided will be large 
enough so that rotation can take place. 


CONCLUSION 


It appears that each of the two methods outlined here 
can adequately describe the mobility of polymer seg- 
ments near Ty. The first method, utilizing energy con- 
cepts, is most valuable in describing phenomena which 
can be related directly to the energy needed for seg- 
mental movement. On the other hand, it is difficult to 
apply that result to problems where free volume is the 
more easily evaluated quantity. For such problems the 
result of method two should prove useful. In particular, 
Eq. (9) can serve as a powerful tool in predicting 
transition temperatures as a function of any quantity 
which affects the specific volume in a known fashion. 
However, method two also has limitations. For ex- 
ample, strictly speaking it is not correct to represent the 
data for two molecular weights using the same value of 
4, since A probably varies somewhat with molecular 
weight. We therefore see that each formalism has its 
own particular advantages, and even though they are 
largely equivalent, one may be more easily applied to a 
particular problem than the other. 

It should also be pointed out that these calculations 
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Fic. 8. Comparison between experiment and theory for poly- 
isobutylene. A was taken to be 20. 


provide considerable insight into the factors affecting 
the value of T,. As a general rule it would appear that 
any factor which increases the volume disturbed by a 
rotating segment or which increases the density of the 
solid will in turn cause 7’, to become higher. Increasing 
chain stiffness and addition of bulky, but stiff, chain 
side groups will increase T,. The affect of-polar groups, 
although admittedly being very important in regard to 
crystallization phenomena, will apparently affect 7, 
only in as much as they increase the density of the 
polymer or contribute to adhesion of one group to 
another. It is significant to note that although the 
transition temperatures of polystyrene and _polyiso- 
butylene are far different, the ratio Vo0/E is about the 
same for the two polymers. It would therefore seem that 
the big difference in transition temperature between the 
two is nearly all the result of the increased bulk of the 
styrene unit. 
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The molecular structure of tetraborane B4sHjo has been determined from 616 observed reflections from 


NUMBER 10 OCTOBER, 195; 


single crystals. The ordered phase is monoclinic P2;/n, with four molecules in a unit cell with parameters, 
a=8.68, b=10.14, c=5.78A, and B=105.9°. Complete three-dimensional Fourier syntheses, including one 
from which the boron atoms had been subtracted, were employed to locate unambiguously the positions of all 


atoms. 





Molecular dimensions indicate that the isolated molecule has symmetry C2,. The boron atoms form two 
triangles B;B;B;; with a common edge B;—B, the angle between the planes of the triangles being 118.1°. 
Each of the two B; borons has one attached hydrogen atom, and each B;; has two attached hydrogen atoms. 
The remaining four hydrogen atoms form bridges between the four B;—Bz; pairs. Molecular parameters 
are four B;—By;;=1.845+0.002A, B;—B;=1.750A, Brs;—Bs;=2.786A, six B—H=1.11+0.04A, four 
B;—H (bridge) =1.21+0.03A, and four B;;—H (bridge)=1.37+0.10A. Mean values and their average 
deviations have been given on the assumptions that the molecular symmetry is C2, and that the six B—H 


distances are equal. 


There is an interesting false, incorrect structure which almost satisfies the x-ray diffraction data. 


A metastable modification, obtained by sudden freezing of the super-cooled liquid, has spherically dis- 
ordered molecules in hexagonal close packing. There are two molecules in a unit cell of dimensions, a=5.79 


and c=9.36A. 








INTRODUCTION 


HE structures of the numerous hydrides of boron 

have long been the subject of considerable in- 
terest because of their electron deficiency and their 
seemingly peculiar valence relationships. This interest, 
however, has largely been of a speculative nature, with 


only meager experimental support. Because of prepara- 


tive difficulties, the chemical instability and the low 
melting points of most of the boron hydrides, experi- 
mental work is difficult. Early results obtained by 
electron diffraction studies in the gas phase were of 
limited reliability, particularly in the case of the higher 
hydrides, giving only vague indications of possible boron 
arrangements. As a result, the early literature contains 
many incorrect conclusions regarding the structures of 
the boron hydrides. 

In recent years, however, single crystal x-ray diffrac- 
tion studies have shed new light on the problems in this 
field. Improved electron diffraction methods have added 
to the progress, and produced substantial support of the 
results obtained. The structures of decaborane (BioH4)! 
and stable pentaborane?* (B;Hy) have recently been 
established and are quite different from those originally 
suggested. It was therefore considered highly desirable 
to carry out additional x-ray diffraction studies in the 
field of the higher boron hydrides. For this reason the 
present investigation of the structure of tetraborane 
ByHyo was undertaken. 


* Present address: Institute for Cancer Research and the 
Lankenau Hospital Research Institute, 7701 Burholme Avenue, 
Philadelphia 11, Pennsylvania. 

1 Kasper, Lucht, and Harker, Acta Cryst. 3, 436 (1950). 

2 W. J. Dulmage and W. N. Lipscomb, Acta Cryst. 5, 260 (1952). 

3 Hedberg, Jones, and Schomaker, Proc. Nat. Acad. Sci. U. S. 
38, 679 (1952). 
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EXPERIMENTAL 


Since the melting point of tetraborane is —120°C,a 
previously described low-temperature technique was 
used in taking the x-ray photographs.‘ The substance 
was vacuum-distilled into the tips of thin-walled Pyrex 
capillaries, about 1 mm in diameter, which were subse- 
quently sealed off. To reduce the risk of explosion or 
decomposition through contact with air, the vacuum 
line was previously rinsed out with dry nitrogen, care- 
fully evacuated, and the B,H» permitted to enter from 
a Breakoffsky which was broken by means of a glass 
covered, magnetically controlled iron breaker. As the 
thermal decomposition of tetraberane is quite rapid at 
room temperature, the distillation was performed at a 
low pressure, maintaining the Breakoffsky as well as the 
receiving capillary immersed in a cooling bath. For the 
same reason all samples and capillaries were stored 
under dry ice at all times. 

The Buerger precession camera was used throughout 
the work, and the photographs were taken with the 
sample at about — 150°C. A capillary was mounted on 
the goniometer head and a crystal grown in a stream oi 
cold nitrogen gas. In this manner, monoclinic single 
crystals of tetraborane were readily obtained. Zero-level 
photographs were taken using M Ka radiation and 4 
precession angle of u=30°. With the reciprocal ¢ axis 
parallel to the spindle axis, complete sets of nets wert 
photographed giving a total of 616 observed Akl re- 
flections. For correlation purposes, 5 more nets, not 
containing OOI, were photographed after reorienting the 
crystal. All but the weakest nets were photographed 
from 2 to 5 times with varying exposures in order t0 
facilitate the estimation of intensities. A standard it- 
tensity scale containing varying exposures of tw0 
neighboring reflections from a B,Hyo crystal was used 


4T. B. Reed and W. N. Lipscomb, Acta Cryst. 6, 45 (1953): 
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CRYSTAL AND MOLECULAR STRUCTURE OF TETRABORANE 


for visual estimation of the observed intensities. By 
means of the cross nets, the entire set of photographs 
was standardized to a common scale. Lorentz and 
polarization corrections were conveniently applied with 
the use of a transparent template made by reproducing a 
published graph.° 

The liquid B4Hio showed a considerable tendency to 
supercool. However, when supercooling was carried far 
enough, instantaneous freezing took place giving a 
strongly , disordered, hexagonal modification. It was 
possible to obtain single crystals of this phase and to 
observe seven different reflections. In addition, an in- 
complete set of photographs was obtained for a third 
modification, seemingly also hexagonal. 

No phase transitions were observed when the mono- 
clinic phase was cooled to —175°C. 


UNIT CELL AND SPACE GROUP 


The symmetry of the reciprocal lattice is Cop. 
The dimensions of the monoclinic unit cell are 
a=8.68+0.02A, b=10.14+0.03A, c=5.78+0.02A, and 
6=105.9°+0.3°. With this choice of axes, the extinc- 
tions of hOl when h-+/ is odd and of ORO when k is odd 
were observed. These extinctions indicate the presence 
of an # glide plane and a twofold screw axis. Thus, the 
space group is C2,°5—P2,/n. The unit cell volume is 
489A%. The density of BsHio can be expected to have a 
value slightly lower than that of 0.761 g cm reported? 
for BsHy. It follows that the unit cell contains four 
molecules, giving a calculated density of 0.725 g cm™. 
Since the multiplicity of the general position of the 
space group is also four, no molecular symmetry is 
demanded. 


DETERMINATION OF THE STRUCTURE 


As a first step toward finding a trial structure, 
sharpened Patterson projections were made of the three 
principal zones. The hkO and hOl projections showed a 
considerable concentration of peaks at or near x=0 and 
*=}, indicating a layer-like arrangement of scattering 
matter parallel to the dc plane. A conclusion drawn from 
this was that the boron skeleton of the molecule could 
not extend more than about 1.4A in the x direction. The 
extension of the molecule in other directions was 
brought out by an unsharpened O&i Patterson section at 
*=( and by a half-cell Patterson projection (Fig. 1) 
along a from x= —} to x=}. Both of these showed short 
intramolecular vectors clearly separated from the far- 
out intermolecular peaks. Thus it became clear at this 
stage that the boron arrangement in the tetraborane 
molecule is a fairly compact one, extending no more 
than about one B—B bond length in the direction of any 
one of the axes. 

Another noteworthy feature present in the Patterson 
function was a strong tendency toward undemanded 
symmetry observed in the O&/ projection as well as in 


*J. Waser, Rev. Sci. Instr. 22, 567 (1951). 
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the x=0 section and the half-cell projection (Fig. 1). 
All of these contained what resembled a center of 
symmetry at y=}, z=}, and, corresponding to the 
origin peak, a very high maximum at y=}, z=}4. It was 
therefore concluded that the above-mentioned layers 
are “almost centered” with respect to the bc face. In 
order to satisfy this requirement, it is necessary for the 
layers to lie at the same x values as the twofold screw 
axes and for the individual molecules to be so located 
that the operation of the screw axis produces a “center- 
ing” effect, resembling a translation of $(6+c). If a 
center of symmetry is chosen as the origin, the screw 
axes are at x=+}, z=-+}. Thus, the boron layers were 
found to lie approximately at x=} and ¢ with molecules 
in the neighborhood of «=0 and 3. Similarly, from the 
appropriate Patterson projections as well as the 
P(%, y, 3) Patterson-Harker section approximate y co- 
ordinates were obtained. 

In the foregoing, the reasoning has been outlined 
which led to the assignment of approximate molecular 


t 
Fic. 1. Unsharpened Patterson half-cell projection along a from 
x=—} to +}. 














positions. Although these were subsequently found to be 
correct, some difficulty was experienced in finding the 
true molecular structure. This difficulty arose from the 


existence of a “false solution,” ie., a model giving 


reasonably good agreement with the experimental evi- 
dence while actually being significantly different from 
the true solution. 

With regard to the molecular structure, the ‘false 
symmetry” in the Ok/ Patterson functions demands that 
the projection of the molecule has C; symmetry about 
the } axis. Obviously this is an idealization, in so far as 
the corresponding Patterson symmetry is not actually 
present, though nearly so. It was felt, however, that this 
hypothesis presented a workable first approximation, 
and that the manner in which the symmetry was 
violated would become evident during the Fourier 
refinement process. 

The first trial model consisted of a distorted boron 
tetrahedron, with one bond slightly shorter than the 
others. This model gave good agreement with the 
Patterson function. An AOl Fourier projection was 
made, which after a slight refinement gave the result 
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Fic. 2. hOl Fourier projection of the original (false) model. 


shown in Fig. 2. A comparison of observed and calcu- 
lated AO] structure factors was subsequently made. 
Aside from moderate discrepancies for small-angle re- 
flections, to be expected from the omission of the 
hydrogen atoms, the structure factor agreement was 
remarkably good. Similarly, the hkO Fourier projection 
presented a seemingly unambiguous support of the 
assumed model. As the next step a three-dimensional 
Fourier synthesis was carried out. Although one of the 
four boron peaks was somewhat lower than the others, 
there were no significant subsidiary maxima or other 
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Fic. 3. hOl Fourier projection of the revised (true) model. The 
electron density scale is the same as that in Fig. 2. 


N. LIPSCOMB 





- 
2 


Oo 





-+ 


Fic. 4. Superposition of two sections of the final Fourier syn- 
thesis showing the boron positions. The sections are perpendicular 
to the d axis, at y= 26/60 (solid contours) and y=17/60 (broken 
contours), respectively. 


indications of the false character of the model. Although 
the peak shifts were slight, a series of refinements were 
carried out in the hope of locating the hydrogen atoms. 
In its final form the three-dimensional Fourier synthesis 


s 
2 











z 


Fic. 5. Three sections of the Fourier difference synthesis showing 
the hydrogen positions. The sections are perpendicular to the } 
axis at y=13/60 (top, broken contours), y=17/60 (top, solid 
contours) and y=28/60 (bottom picture). Overlaps in the top 
picture do not indicate different hydrogen atoms. 
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CRYSTAL AND MOLECULAR STRUCTURE OF TETRABORANE 


TABLE I. Atomic coordinates. 


TABLE II. Interatomic distances* and bond angles. 








(a) B—B bonds 


(b) Regular B —H bonds 











showed boron maxima‘ whose heights were, on a relative 
scale, 9, 9, 9, and 7.5, respectively. All other maxima 
were less than 2. The hydrogen atoms could not be 
located with any certainty. In spite of the evidence 
supporting the correctness of the boron positions, the 
result appeared doubtful because one of the B—B bond 
lengths was found to be about 1.35A, considerably 
shorter then expected. 

The problem was now re-examined in the light of the 
sharpened Patterson-Harker section, P(x, 4,2). Al- 
though this section was essentially consistent with the 
i0l Patterson projection, a significant peak was dis- 
covered which, although present, was hardly noticeable 
in the projection. This peak called for a considerable 
shift in the position of one of the boron atoms and, 
consequently, a reassignment of a number of vectors 
shown in the Patterson function. Although the new 
boron position violated the almost-present false Okl 
symmetry, it was found possible to account satisfactorily 
for all vectors in terms of the O&/ Patterson projection as 
well as the other principal Patterson projections. How- 
ever, an unexplained inconsistency remained in the Ol 


Fic. 6. The molecule of tetraborane. The boron (large circles) 
4 pyaragen (small circles) atoms are numbered according to 
able I. 


ee 

*The x, y, z coordinates of the four boron atoms in the false 
model are 0.235, 0.420, 0.160; 0.120, 0.398, 0.010; 0.260, 0.280, 
0.025; and 0.260, 0.425, 0.835. 


B,— B2=1.848A 
B.—B;=1.847A 
B3;— By= 1.842A 
B,— Bi =1.844A 
Average B;—Bz; 
= 1.845+0.002A 
B;—B,;=1.750A 
By:—By1=2.786A 


(c) Bridge B —H bonds 


B,—H,= 1.16A 
B;—H,e=1.11A 
B.—H;=1.12A 
B,—Hs=1.17A 
B.—H,y= 1.07A 
B,—H,)=1.03A 
Average B—H (regular) 


=1.11+0.04A 





B,—H2=1.21A 

B,—Hi=1.16A 

B;—H;= 1.26A 

B;—H7=1.19A 

Average B;—Hiv 
=1.21+0.03A 


B.—H2=1.44A 
By— Hio=1.25A 
B.—H;=1.49A 
B,—H7=1.30A 
Average Bu—Hiv 


= 1.37+0.10A 





(d) H—H distances 


(e) Molecular angles 





H;—H,=2.80A 
Hy;—H1;=4.62A 
Hy77— Hy77=1.95+0.03A 
H;—Hiv=1.94+0.05A 
H7;—Hiv=1.99+0.08A 
Hy11—Hiv=1.80+0.07A 
Hiv—Hyy (parallel to 
B7;— By) =1.78+0.04A 
Hiv—Hyy (parallel to 
B;—B,) =2.5440.19A 


ZBi—Br—B,;=56.6° 

ZBi—B,—By,;=61.7° 

ZBur—B ,—Bz=98.0° 

ZB;—B;—H;=118° 

Z Between Planes of 
B;B;B;;=118.1° 

Z Plane of B;B;B7; to 
By—H= 112° 

Z Plane of B;B;B;; to 
By—Hy11= 122° 


Z Plane of B;B;Bz; to plane 


of BB, Hiv= 170° 





(f) Close intermolecular distances 


Symmetry operation 
relating neighboring 
molecules 





21 

2i-c¢ 

n 

m—C 

c 

2i—n 
2:+n-—c 


H3;—Hi0= 2.72A 
He— Hy =3.12A 
H.—He =2.75A 
H;—He =3.08A 
H;—H; =2.61A 
Hy— Hz =2.80A 
Hs—H;, =2.56A 








1859 


® Unfortunately, we have not corrected for series termination, which 
may be responsible for our small B—H distances and therefore for the 
small boron radius. However, we feel that this contribution to the B—B 
distances is very small and that there is no doubt about the molecular 
geometry. 


TABLE III. Calculated bond orders in B4H}o. 








Bond 


Number of 


n equivalent bonds 





B;—B,; 

B;—Bi 

By—Bir 

B—H (regular) 
B;—Hiv (bridge) 
Bri—Hyyv (bridge) 


0.38 
0.27 
0.01 
0.96 
0.65 
0.35 








TABLE IV. The atomic scattering factor for boron. 
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TABLE V. Observed and calculated structure factors.* 
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TaBLE V.—Continued. 
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TABLE V.—Continued. 
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814 
813 
811 
810 
812 
824 
820 
822 
835 
834 
833 
832 
846 
845 
844 
843 
841 
840 
841 
842 
843 


—2.5 
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—4.7 
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—2.8 
+2.0 
3 -18 
855 —3.4 
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732 
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2 —1.7 
731 +14 
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731 —2.5 
732 +1.6 
733 —2.3 
744 +3.7 
742 41.7 
754 —2.8 
751 +4.5 
752 —3.1 
766 —2.5 
760 —3.8 
773 —1.2 
770 +2.8 
780 +3.8 
790 —1.6 
806 +4.4 
804 -1.9 
800 +7.8 
802 —2.5 
817 —2.1 
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+2.2 
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+3.6 
+2.2 
+2.1 
+2.6 
+3.7 
—1.3 
+3.3 
—3.4 
+3.3 
—4.9 
+2.5 
—3.1 
—2.0 
+1.6 
+2.9 
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—2.2 
42.2 
—1.6 
—1.6 
—2.2 
+0.6 
+4.0 
—2.0 
42.5 
—1.4 
+1.6 
42.4 
+2.0 
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+1.2 
+1.9 
—2.0 
+1.6 
~1.6 
44.3 
—1.5 
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» A total of 429 reflections (not listed) which could have occurred on our films were below the limits of observations. For only 13 of these reflections was 
Feale greater than its observational limit, and no reflection was greater than 1.5 times its corresponding limit. 


half-cell Patterson projection (Fig. 1). Its failure to 
reveal the peak violating the false symmetry may 
possibly be due to lack of resolution in this unsharpened 
map. The final #O/ Fourier projection of the correct 
model is shown in Fig. 3. 

A three-dimensional Fourier synthesis was then 
carried out with the revised model, from which accurate 
boron positions were obtained. All hydrogen atoms 
could be located in this synthesis, but in order to achieve 
a higher reliability a three-dimensional difference 
Fourier was made. The coefficients of the latter were 
obtained by subtracting the calculated boron contribu- 
tions from the observed structure factors, and assigning 
to the unobserved F’s a hydrogen contribution equal 
and opposite to the calculated boron contribution. 
Figure 4 shows a superposition of two sections of the 
three-dimensional Fourier synthesis, giving the boron 
positions. Selected sections of the difference synthesis 
are shown in Fig. 5. 


FINAL MODEL AND DISCUSSION OF RESULTS 


The final atomic coordinates as obtained from the 
three-dimensional Fourier syntheses are listed in Table I. 

A drawing of the molecule is shown in Fig. 6. While no 
molecular symmetry is demanded by the space group, 
the results strongly indicate that the molecule possesses 
C2» symmetry. Thus, the notation in the second column 
of Table I identifies symmetrically equivalent atoms. 
The coordinates were used to calculate interatomic dis- 


tances and bond angles. The results are given in 
Table II with the average deviations from the mean, in 
cases where several equivalent distances occur. The 
probable errors in the boron-boron bond lengths are 
estimated at about 0.02A for B;y— By; and B;;—Brz, and 
about 0.01A for B;—Bzr. For the B—H and H—-H 
distances the mean deviations may be considered about 
equal to the probable error. 

Referring to Fig. 6, it should be pointed out that the 
bridge hydrogens do not lie in the plane of B7B7Bz;, but 
are displaced by about 0.16A toward the concave side of 
the molecule, giving a basket-like structure. 

As the Pauling theory of partial single bonds has 
shown considerable success in explaining the bond 
distances in other electron deficient compounds,” it is 
interesting to examine the ByHjo molecule from this 
point of view. Assigning a bond order »=1 to a full 
2-electron bond, the Pauling relation between bond 
distance D and bond order 1 is 


D(1)— D(n)=0.6 logn. 


Assuming the covalent radii of boron and hydrogen 
equal to 0.75 and 0.36A, respectively, the single bond 
distances are 1.50A for B—B and 1.10 for B—H. The 


7L. Pauling, J. Am. Chem. Soc. 69, 542 (1947). 

8 W. J. Dulmage and W. N. Lipscomb, J. Am. Chem. Soc. 73, 
3539 (1951). 

9K. Hedberg, J. Am. Chem. Soc. 74, 3486 (1952). 
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latter value includes an electronegativity correction of 
—0.01A. The calculated bond orders are given in 
Table III. The total bond order is 11.23 in satisfactory 
agreement with the value 11 expected on the grounds 
that the molecule contains 22 valence electrons. The 
calculated valence of boron is 3.17 to 3.18 and that of 
hydrogen is 0.96 to 1.00. 

It is of interest that the Bry;—Br,—Bzz bond angle is 
98°, about midway between the corresponding angle of 
90° in the octahedron and 108° in the icosahedron. 
Thus, the boron arrangement may be regarded as a 
fragment from either the octahedron or the icosahedron. 
The relatively open structure of this, the first member of 
the ByHw46 series compared with the relatively compact 
higher ByHwy44 structures, probably is a factor relating 
to the comparatively greater reactivity. 

The observed and calculated structure factors were 
adjusted to a common scale by plotting logFo/F,. vs 
(sin@/A)? and finding the scale and temperature factor 
constants from the expression 


logFo/F.=logA — (B/2.303) (sin@/A)*. 


However, when atomic scattering factors given in 
Internationale Tabellen (vol. 2, p. 571, 1935) were used, 
a straight line was not obtained. The deviations, though 
not large, were consistent in so far as they occurred 
independently in all three principal zones and in the 
plot of general /k/ structure factors. It was therefore 
felt that the disagreement could not be accounted for in 
terms of a failure of the assumption of spherical atoms. 
A revised f curve for boron as given in Table IV was 
therefore used in calculating the final F,’s. With this 
assumption the value found for B was 3.4A”. The ob- 
served and calculated structure factors are listed in 
Table V. The index of reliability R=2||Fo|—|F.||/ 
>|Fy| for the 616 observed reflections is 10.7 percent. 
Including the 430 unobserved reflections and assuming 
their Fo values to be equal to one-half the estimated 
maximum values, the index of reliability is 14.6 percent. 
The agreement can be considered very good. 


DISORDERED PHASES 


As mentioned earlier, a hexagonal modification was 
almost consistently obtained by crystallizing from a 
supercooled liquid. The axial lengths of this phase were 
found to be a=5.79+0.03A and c=9.36-+0.05A, giving 
a cell volume of 272A®, Assuming 2 molecules per unit 
cell, the molecular volume is 136A*, or somewhat larger 
than the value of about 122A? found for the monoclinic 
phase. Strong disorder was indicated by a very rapid, 


t Note added in proof:—If contributions of only boron atoms 
are employed, values of R are 38 percent for hOl and 33 percent 
for hkO reflections for the false model, and 20 percent for either 
h0l or hkO reflections for the correct model. Thus the detailed 
agreement is really significantly worse for the false model. In the 
tarly stages of this study we could not estimate the effect of the 

ydrogen atoms on R, which their contribution eventually 
teduced as described above. 
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isotropic decrease of reflected intensities with increasing 
angle of reflection. The latter circumstance prevented 
the observation of more than 7 different reflections, 
which however, are consistent with the space group 
Dent— C63/mmc. These facts as well as the axial ratio 
c/a=1.62 offer strong support of the view that the 
structure consists of a hexagonally close-packed arrange- 
ment of molecules randomly oriented in three dimen- 
sions. This hypothesis was tested by direct comparison 
of observed and calculated intensities. 

The center of rotation of the molecule was assumed to 
lie on the twofold axis present in the molecule. Its exact 
location was arrived at by a trial and error method. 
Thus, it was found that the best agreement with the 
observed values was obtained when the center of rota- 
tion was chosen at a point 0.80A from the midpoint of 
the line joining the B; atoms, on the side of the By; 
atoms. This point is very close to the center of the 
smallest possible sphere circumscribed about the 
molecule. 

A molecular form factor was calculated in the 
customary manner, using the assumed center of rota- 


TABLE VI. Observed and calculated structure’ factors for the 
disordered phase. 
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x= 4%, 3; 
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as demanded in a close-packed arrangement. 

Table VI shows the agreement between observed and 
calculated structure factors. The 7 observed reflections 
give R=5.3 percent. Thus, the good agreement strongly 
supports our assumption of randomly oriented, close- 
packed molecules. 

What seemed like a second disordered modification of 
B.Hio was observed once, and an incomplete set of 
pictures was obtained. According to these pictures, the 
cell was hexagonal with a= 11.6A, c=16.7A, suggesting 
Z=16 and a molecular volume almost exactly equal to 
that in the monoclinic phase. The unexpected value of Z 
as well as the peculiar fact that Foo; was observed for 
!=4n only led us to doubt the reality of this phase. It 
was indeed found possible to account for all observations 
in terms of the monoclinic modification. The AOl 
reciprocal lattice net of this pseudohexagonal phase was 
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actually a superposition with equal weight of the nets 
hkO, hkk, and hkk belonging to the monoclinic phase. 
The fact that this type of “triple twinning”’ is possible 
without producing diffraction effects typical of a badly 
split crystal seems to be a consequence of some peculiar 
geometrical relationships. In order for, say, 420 and h11 
to fall on the same row line it is required that b=cv3 in 
the monoclinic phase, a condition which is indeed very 
closely fulfilled. Similarly, it must be considered a 
coincidence that, for example, the reciprocal lattice 
point 111 falls almost halfway between 020 and 120 so 
as to produce an apparent doubling of the pseudo- 
hexagonal c axis. 

The packing of molecules in the monoclinic phase 
suggests simple mechanisms for the formation of the 
disordered as well as the pseudohexagonal phases. The 
monoclinic form can be approximately described as 
having molecules stacked in layers parallel to the bc 
plane, at x=} and %. Within each such layer the packing 
of the molecular centers is approximately hexagonal, 
which is reflected in the axial ratio b/c=v3. The location 
of neighboring layers with respect to each other closely 
resembles a hexagonal close packing, except for a 
monoclinic translation of } a cos@ in the c direction. 
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phase must be understood as a slight translation of 
adjacent layers producing a change in 6 from 105.7° to 
90°, accompanied by “free rotation” of the molecules, 

This relationship between the monoclinic and the dis- 
ordered, hexagonal phase explains the “triple twinning” 
responsible for the pseudohexagonal modification. In 
going from the disordered to the ordered form, there are 
evidently three different directions, 120 degrees apart, 
in which the monoclinic tilt can occur. Since the 
ordering process does not appreciably affect the location 
of individual molecules within the layers, or the lattice 
in the layer directions, one may assume that the tilt can 
occur randomly in the three directions. This would 
produce a hexagonal modification of the kind observed. 
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Thus, the “formation” of the close packed disordered.dficarried out on the X—RAC. 
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Electronic States of Diatomic Molecules: The Oxygen Molecule* 
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A scheme is proposed for the computation of electronic energy levels of diatomic molecules with fair ac- 
curacy and minimum labor. The theoretical LCAO MO method including configuration interaction is em- 
ployed. However, the number of configurations considered is kept small; the energies of the asymptotic 
dissociation products for the various states are taken from atomic data in the manner of Pariser; the calcu- 
lation of the interaction energies is simplified by the neglect of overlap in all terms and by the neglect of 
differential overlap in the electronic repulsion terms; and certain core parameters are fitted empirically. 
The first application is made to the oxygen molecule, using one empirical parameter. The vertical excitation 


energies from the ground state to the 'Ag, 'Z,*, *2,,*, and *Z,- 


states are computed as functions of distance 


between 1.16A and 1.63A, and they agree with the observed values within 0.2 ev; excitation energies to the 
unobserved !2.-, *Au, 1Au, and 12,,* states are also computed. The results are in substantial accord with a 
previous more involved calculation by Moffitt. A justification of the proposed scheme is amenee which 
makes use of the orthonormalized atomic orbitals of Léwdin. 


1. 


HE availability of a large amount of accurate ex- 
perimental data on the electronic levels of di- 
atomic molecules provides an ideal background for 
theoretical work, and yet few quantitative calculations 
have been made on diatomic molecules other than 
* This paper was presented by F. G. F. at the St. Louis Meeting 
of the American Physical Society, November 28-29, 1952. The 
work was supported in part by the U. S. Office of Naval Research, 
through Contract Nonr-493(00) with Carnegie Institute of Tech- 
nology, in part by a grant from Research Corporation. 


t Research Corporation Postdoctoral Fellow. Permanent ad- 
dress: Department of Physics, University of Milan, Milan, Italy. 


hydrogen since the early applications of perturbational 
and variational techniques. The present work is not of 
comparable rigor but rather involves the development 
and application of a scheme to compute with minimum 
labor and fair accuracy electronic excitation energies 
in diatomic molecules involving several valence elec- 
trons, without necessarily obtaining a good approxi 
mation to the ground state. 

The scheme is essentially the one proposed by Parise 
and Parr! for the computation of the energy levels of 
complex unsaturated molecules. It falls within the 


1R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466, 767 (1953). 
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yn of TABLE I. Wave functions for some electronic states of Oz. 
7° to 
“ules Configuration States Wave functions* 
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— 2-4 (uta g-g-u-gt) + (u-a-g*g tute) ] 
, 2-4 (utatg-g-u-gt) — (u-ai-g*gtute-) | 
part, 3A, (utatgtgtu-g-) 
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vould + (wu)? (ruB)* (gta) 5(4g-a)®], where a and @ are one-electron spin functions and superscripts denote electrons. 
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ism of molecular orbital theory in the approximation in 
which molecular orbitals (MO) are expressed as linear 
combinations of atomic orbitals (LCAO). However, we 
consider the possibility that molecular states might not 
be properly described in simple configurational language, 
where a configuration is defined by assigning electrons to 
MO’s; we allow for configuration interaction. The choice 
of molecular orbital language is suggested by the avail- 
ability of much outstanding qualitative work by Mulli- 
ken and others on the interpretation of the electronic 
spectra of diatomic molecules in terms of MO con- 
figurations. 

The important features of the scheme! are the ob- 


tainment of the energies of the asymptotic dissociation 
products of molecular states from atomic data;?? a 
considerable simplification of molecular algebra‘ effected 
by the neglect of overlap in the core terms and by the 
neglect of differential overlap in the electronic repulsion 


parameters as empirical quantities.':® 

For a first application of the scheme we have chosen 
the oxygen molecule. Here the quantitative treatment 
is simplified by the possibility of accounting qualita- 
tively for the low excited states on the z-electron 
approximation. Moffitt’ and Meckler® have also recently 
treated O.. Meckler was interested in the magnetic 
properties of the ground state of the molecule over a 
wide range of distance and used Gaussian atomic 
functions; consequently he had to include a large 
amount of configuration interaction. Moffitt set out to 
test conventional LCAO MO theory with configura- 
tion interaction, and he arrived at a preliminary formu- 
lation and made a first application of his important 
“atoms in molecules” idea. In his formulation one con- 
structs molecular wave functions of proper behaviour at 
infinite distance; this is not required in the present 
formulation. 


TaBLE II. Energy formulas in terms of integrals over molecular orbitals.*» 








I (xu) I (xa) 


J (rut, rut) J(xg*, rot) J (wut, wot) K(xut, ru) 


K(xg*, mg) K(mu*,ao7) K(xu*, wo*) 


(xutrut | 1%) 





3y,-(A) 4 2 6 1 8 
Ze (C) 2 4 1 6 8 
Hac 


1y,*(A) 


—2 —1 —2 —2 0 
—1 —2 —2 —2 0 
—1 1 


—2 —2 
—2 —2 
1 1 


—2 —2 
—2 —2 —2 
0 1 


=f ~! —3 —3 
—1 ~! —3 —1 
—{ -1 —2 —3 
-1 —1 ~1 _1 
=! ~1 ~1 —3 
~i ~1 —2 ~1 








* Except for the Hac, the formulas given are for the energies of states of the indicated symmetries for the indicated configurations. The Hac are inter- 


action elements between the (A) and (C) configurations. 


> Definitions of integrals are I(¢) = /¢*Heoreddv, J (pi, 61) = SHi* (1) h7* (2) (€2/ri2) hi (1) G5 (2)dv, K (pi, oi) = Spi* (1) Gi* (2) (€2/ri2) 5 (1) bi (2)dv, and 


(bid | Bij) = Ji (1); (2) (€2/r12) bi (1) Gj (2) dv. 


?W. Moffitt, Proc. Roy. Soc. (London) A210, 246 (1951). 
*R. Pariser, J. Chem. Phys. 21, 568 (1953). 

‘R. G. Parr, J. Chem. Phys. 20, 1499 (1952). 

'W. Moffitt, Proc. Roy. Soc. (London) A210, 224 (1951). 


® A. Meckler, Quarterly Progress Reports, Solid State and Molecular Theory Group, M.I.T., July 15 and October 15, 1952. 





ae paecaieeren reread 


a eee — aces De 


1866 


TABLE III. Energy formulas in terms of integrals over 
atomic orbitals—(A) and (C) configurations.*> 








Core 
k(aa|aa) 4(aalasas) 4(aal|bb) 4(aa[bsbs) contribution 


3y,-(A) 3 23 15 19 6a-+28 
3y,-(C) 3 23 15 19 6a—28 
Hac al 3 1 ail 0 


1¥,1 (A) 19 19 15 6a+28 
1Z,*(C) 19 19 15 6a—28 
Hac d —1 —3 1 0 


1A,(A) : 17 17 6a+28 
1A,(C) : 17 17 6a— 2B 
Hac —1 —1 0 











* See Table II, footnote a. 

b Definitions of integrals are (pq|rs) = S’xp(1)xq(1) (e2/ri2)xr(2)x0(2)dv, 
a= fxaHcorexadt, and B= fxbHeorexady, where xp, xq. Xr, and xs are Slater 
AO's from the set, a, as, 5, bs. 


TABLE IV. Energy formulas in terms of integrals over 
atomic orbitals—(B) configuration.®» 








Core 
$(aa|asds) 4 (aa| bb) $(aa|bsbs) contribution 


10 11 
13 
10 
9 
10 
11 


}(aa| aa) 











* See Table II, footnote a. 
» See Table III, footnote b. 


2. 


The qualitative interpretation of the low excited 
states of O2 involves only two configurations :7"* 


L(KK) (092s)? (o.2s)?(og2p)” |(wu2p)*(4g2p)”, (A) 
[ (KK) (@,2s)?(o,2s)?(o,2p)? |(wu2p)* (x g2p)'. (B) 


Indeed one can show by using the vector model and 
Pauli principle that the (A) configuration gives the 
states °Z,-, 1Z,+, and 'A,, while the (B) configuration 
gives the states *2,,*, *2.-, *Au, 12.*, 2,7, and 'A,. 
These include the observed low excited states of Ov. 

It seems reasonable to try and develop a quantita- 
tive treatment of these states on the z-electron approxi- 
mation.® There is then only one configuration to consider 
besides (A) and (B): 


[ (KK) (0,2s)?(o,2s)?(og2p)? ](wu2p)*(wg2p)*. (C) 


TABLE V. Values of integrals (ev).* 








Internuclear distance (A) 
0 1.163 1.279 1.396 


14.52 11.213 10.350 9.601 
12.62 11.019 10.216 9.507 
5.381 3.283 2.390 





(aa| bb) 
(aa|b,b,) 
—B 








* See Table III, footnote b, for definitions of integrals. 


_ _™G, Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., New York, 1950), pp. 345-346, 559-560. 
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This gives rise to states of the same type as does con- 
figuration (A), so that for the states *2,-, 1Z,*, and '4, 
there will be configuration interaction. 

To construct the wave functions for these states we 
have to resolve the degeneracy of the Slater determi- 
nants going with each configuration by using the 
operators which commute with the Hamiltonian, the 
angular momentum around the molecular axis, and 
the total spin. 2 states must also be eigenstates of the 
reflections in planes through the molecular axis. The 
resolution of the degeneracy is facilitated by the use of 
m-electron MO’s having a definite value of the angular 
momentum about the molecular axis; we call them 
a+, m- depending on whether this value is 4, —h, 
The results are given in Table I; only the simplest 
multiplet component is given for each state, since we 
neglect spin-orbit coupling. 


TABLE VI. Valence states of O, Ot and O-. 








Schematic representation» ; 
at a Energy formula‘ 


6) xx —2K xx +4a(0-) 
3J exr— Kyx+3a(O) 


State* 
O-, V: 
O, V2 





O 
O 


O 


Ot, Vi Jax +2a(O*) 


Jax Kyxt+2a(0*) 
Jaxrt Kyr+2a(0*) 


Ot, *V; { O 


Ot, !V, 0 0 








® The notation for the valence states is that of Moffitt, reference 5. 


bA o in the os column under ot, indicates occupancy of i= 


by an electron of spin {3}. Brackets denote alternative, parentheses coupled 


situations. P 

¢a(O-), a(O) and a(O*) denote the core energies of a 2px electron in 
O-, O and O+, respectively. J zz is the Coulomb integral, K xx the exchange 
integral between two 27 electrons. 


3. 


The energy formulas for the states of the (A), (C), 
and (B) configurations in terms of integrals over MO’s 
are given in Table II. 

Energy formulas in terms of integrals over AO’s are 
given in Tables III and IV. To obtain these formulas, 
one uses the LCAO approximation, the assumption of 
zero overlap, and the assumption of zero differential 
overlap. That is, one writes 


m+=4[ (a+b)+i(a,+8,) |, 
Tgt= $C (a— b)+i(a,—b,) |, 


where a, a, and b, b, are atomic 2p7z, 2pm, Slater orbitals 
on the two atoms; one assumes in computing all terms 
in the energy formulas that 


S= f abdv= f a,b,dv=0; (2) 


(1) 
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THEORY OF DIATOMIC MOLECULAR ELECTRONIC STATES: O:z 


and one assumes in computing electronic repulsion 
terms that 


hdv= ab,dv=a,bdv=a,b,dv=0 
(zero differential overlap). (3) 


The relevant consequence of Eq. (2) is that the MO’s 
as given in Eq. (1) are normalized. The relevant con- 
sequence of Eq. (3) is that in the electronic repulsion 
parts of the final energy formulas only atomic Coulomb 
repulsion integrals appear. Thus, for example, one 
writes for the molecular Coulomb integral J(2,*+, 7.*) 
the formula (see Tables II and IV for definitions and 
notations for integrals) 


4J(x,+, tut) = (aa|aa)+ (aa| a.a5) 


+ (aa|bb)+(aa|b,b,) (4) 
instead of the more complex formula 
J (yt, rut) =[1/(1+S)?][ (aa| aa)+ (aa|a,a,) 
+ (aa|bb)+ (aa| b,b,)+4(aa|ab)+4(aa| a,b.) 
+2(ab|ab)+2(ab|a,b,)]. (5) 


TABLE VII. Energies of spectroscopic and valence states 
of O, O*, and O- (ev). 








State Energy Details of energy calculation®-> 


*+1Vi=Ot,2P = 18.6 
0*, Viz=Ot,2D =16.9 


Ot, °Vi 14.7 





18.6 =13.6+5.0, 5.0 from spectral data for O* 
16.9 =13.6+3.3, 3.3 from spectral data for O* 


ip2@P—4S 2D—4 
14.7 =13.6+1.1, 1.1 -| +- “|, using 
2 5 3 
spectral data for O* 
ionization potential of O 
ip'D-8P 1S —3P 
O, V2 0.5 0.5 =-|———+ 
4 2 


for O 
arbitrary energy zero 


os 13.6 


|: using spectral data 


O, *P 0.0 


0*/,Vi=O-,2P -—2.2 negative electron affinity of O 








* Spectral data for O and for O* and the ionization potential and electron 
afinity for O are taken from Landolt-Bornstein Tables, Vol. I, 1950. 

bIn the two cases in which averages of spectroscopic states are taken, 
nie averaging processes are possible which give slightly different 
Tesults. 


Mulliken’ has shown that what is involved in passing 
from Eq. (5) to (Eq. (4) is a cancellation of the effect 
of certain terms in the numerator of (5) by the effect 
of § in the denominator, so that our replacing formulas 
like (5) by formulas like (4) is not as unreasonable as 
may first appear. Indeed, a rather complete justifica- 
tion of this procedure is given in the Appendix below, 
where the neglect of overlap in the treatment of the core 
isalso rationalized. 

4. 


Table V gives the values used for the integrals over 
atomic orbitals which appear in Tables III and IV. 

The choice of values for the one-center integrals 
(aa|aa) and (aa|a,a,) is a crucial point in the scheme. 
Moffitt? and Pariser? have independently pointed out 
that a major source of error in LCAO MO calculations 
of excitation energies using Slater AO’s is the inac- 


*R. S. Mulliken, J. Chim. Phys. 46, 497 (1949). 
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TABLE VIII. Electronic excitation energies in Oz (ev).* 








Internuclear distance (A)> 
1.163 1.279 1.396 1.512 


calculated 0.98 0.86 0.72 0.59 
observed 1.01 0.94 0.84 0.73 
calculated 1.90 1.61 1.30 1.04 
observed 1.70 1.55 1.17 
calculated 10.39 5.85 2.75 


observed _— — a 
10.59 5.98 2.81 


calculated 
observed — — — 
calculated 10.78 6.12 2.88 
observed 10.78 6.12 2.88 
calculated 11.14 7.37 5.57 
observed 11.26 7.94 4.65 
calculated 13.16 9.84 6.55 
observed — — — 

1+ calculated 15.06 11.74 8.45 
observed — — — 
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© 
~ 
—_ 








a Excitation energies are relative to the *Z,~ ground state. 
b The equilibrium internuclear distance for the ground state is 1.208A. 


curacy of the energies of dissociation products, and they 
have given ways of eliminating this error which involve 
taking data from atomic spectroscopy and using atomic 
wave functions only to compute the properly molecular 
part of the energy. We take this attitude and extend the 
method of Pariser,?:'! determining the values of (aa| aa) 
and (aa|a,a,) from an analysis of the valence states of 
O, Ot, and O- which are relevant to the molecular 
states being considered. The identification of these 
valence states is schematically described in Table VI; 
Table VII gives their location in energy as derived from 
a Mulliken-type treatment.’ Values of (aa|aa) and 
(aa|a,a,) are obtained by a least-squares method from 
the following equations relating theoretical and ex- 
perimental energy changes for dissociation processes :*"! 


20(V2)—0*(?'Vi1)+0-(V1), 
AE= (aa|aa)+ (aa,|aa,) = 15.4 ev, 


20(V2)—0+(V1)+07-(V3), 
AE= (aa|aa)— (aa,|aa,)=13.7 ev, (6) 


20(V2)0* (V1) +0-(V2), 
AE= (aa|aa)—3(aa,|aa,) = 11.6 ev. 


For the two-center integrals (aa|bb) and (aa|b,b,) 
we take the values given by Kopineck” for Slater 2px 
AO’s of effective charge 4.55. “Ball” values for these 
integrals‘ were discarded because they do not satisfy 
the integral trigonometric identity, 


(aa| bb) — (aa| b,b,) =2(aa,| bd,), (7) 


which relates integrals over Slater orbitals, and this 
identity is used in obtaining the one-center integrals 
from valence-state data. We have also found that 
lowering the values of (aa|bb) and (aa|b,b,) as sug- 
gested by Pariser and Parr' lessens the agreement with 
experiment of the final excitation energies. 


®R. S. Mulliken, J. Chem. Phys. 2, 782 (1934). 
10H. J. Kopineck, Z. Naturforsch. 5a, 420 (1950). 
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The value of the core parameter a is not needed for 
the calculation of the excitation energies. We choose to 
consider 8 an empirical quantity, fitting it to the ob- 
served excitation energy *2,—*2,+ obtained from 
Morse curves for these two states. (Moffitt® in effect 
did this also.) The resulting values of 8 are included in 
Table V. 


5. 


Table VIII gives the electronic excitation energies 
from the *2,~ ground state to the low excited states of 
O. calculated using the energy formulas of Tables ITI 
and IV and the values for the integrals given in Table V. 
The experimental values for the excitation energies 
quoted in Table VIII are obtained by computing Morse 
curves for the ground state and for each of the excited 
states using the experimental values for the equilibrium 
distance r,, the dissociation energy D, and the harmonic 
vibration frequency w,.’"" For the states 'Z,+ and !A, 
the resulting experimental excitation energies are re- 
liable to a few thousandths of an ev, but for the states 
§>..+ and *2, the precision drops to a few hundredths 
and a few tenths of an ev, respectively. 

Our theoretical results agree with the experimental 
values within 0.2 ev. For the state *2,-, however, the 
agreement is somewhat uncertain since the experimental 
values are not known accurately; anyhow, it is clear 
that for this state the z-electron approximation breaks 
down at the larger distances considered, as Moffitt® has 
also noted. 

A comparison of our calculated values with those of 
Moffitt® reveals very good general agreement. The ap- 
proximation of zero differential overlap may be said to 
be thus vindicated. 

The predicted excitation energies to the non-observed 
states 12,-, *Au, 1A, and '2,*+ should be somewhat 
qualified. We regard with some confidence the predic- 
tions for the states 'Z,,- and *A,, which should be stable 
and have a value for D, of the order of 1 ev. The predic- 
tions for the more excited states 1A, and '!Z,,*+, on the 
other hand, probably have only a qualitative value, 
giving the general location and the order in energy of 
these two states; whether they should be stable remains 
open to question. 


APPENDIX. A JUSTIFICATION OF THE SCHEME 


The features of the scheme that need to be justified 
are the neglect of overlap in all energy terms and the 
neglect of differential overlap in the electronic repulsion 
terms, together with the use of Slater AO’s to compute 
the integrals which are not assumed equal to zero. 

Léwdin” has proved elegantly that his orthonormal- 
ized atomic orbitals (“Léwdin orbitals’’),"* which are 
defined to satisfy exactly the condition of zero overlap, 

1G. Herzberg, Can. J. Phys. 30, 185 (1952). 


2 P, O. Léwdin (private communication). 
1 P, O. Léwdin, J. Chem. Phys. 18, 365 (1950). 
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satisfy approximately the condition of zero differential 
overlap. Here we shall consider in detail the case of 
diatomic molecules, deriving the relations between in- 
tegrals over Loéwdin orbitals and integrals over Slater 
orbitals. We shall see that the corrections are important 
only for the core integrals while for the electronic re- 
pulsion integrals the corrections may ordinarily be 
neglected. 

Consider first a homonuclear diatomic molecule with 
equivalent Slater AO’s xq and x» on the two atoms, 
Denoting by \, and A, the corresponding Léwdin 
orbitals, we have 

a= AXat Bx, 
Ao= BXat Axo, 
where 
2A = (1+S)-#+ (1—S)#=2+3S'+ ---, 
2B= (1+S)-?— (1—S)-?= —S+---, 
in which S= fxax,dv. Then, denoting integrals over 
Léwdin orbitals by superscripts A, 


S=0, (9) 
a= (a—SB)/(1—S?)~a—BS, (10) 
B\= (B—Sa)/(1—S*)~B—Sa, (11) 


where a= fxXeH coreXadv and B= fxsHcorcXudv are the 
Coulomb and resonance core integrals. The formula for 


6 is indeed the one that Pariser and Parr! propose to | 


apply in computing the core resonance integral to be 
used in the energy formulas whenever one does not 
want to consider this integral an empirical quantity. 
If we use the Mulliken*® approximate formulas for the 
hybrid Coulomb-exchange and the exchange integral 
between x, and x, (tantamount to considering the 
first term in a certain infinite series expansion"), 


(aa| ab) =3S[(aa|aa)+ (aa| bb) ]; 
(ab| ab) = S(aa| ab) ; 
we obtain also 


(aa|aa)*= (aa| aa) +[S?/(2—25?) ] 
X([(aa| aa) — (aa| bb) }~(aa| aa) ; 
(aa|bb)*= (aa| bb) —[S?/(2—25?)] (13) 
X([(aa| aa) — (aa| bb) }~(aa| bb) ; 
(aa| ab)= (ab| ab)*=0. 


Suppression of the Mulliken approximation would 
cause terms in S* to appear in these last formulas. 

If each atom of the diatomic molecule carries two 
orthogonal Slater AO’s, say xa and xa, on the first 
atom, and x, and xs, on the second, as in Oz, the argu- 
ment can be generalized without difficulty. In particular, 
one finds that the integrals over Lowdin orbitals satisfy 
the identity, Eq. (7), which relates integrals over 
Slater orbitals. 


144K. Ruedenberg, J. Chem. Phys. 19, 1433 (1951). 
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Analogs to the contact potential are calculated for the work function increase in field emission caused 
by polar chemisorbates. It is found that the discreteness of the dipoles constituting the layer leads to a 
work function increment smaller than the corresponding contact potential. The discrepancy becomes 
more marked at low coverages and high fields. A simple Fermi-Thomas calculation for estimating the 
depolarization of the electron cloud at a metal surface is given. It is probable that observed depolarizations 
of oxygen and nitrogen on tungsten can be explained in terms of this factor. The effect of the high fields 
used in cold emission on the work function is estimated and found to be of the order of 0.1 volt. Arguments 
are presented to show that a recent explanation of the fall in heats of chemisorption with coverage may 


need revision. 





T has been known for many years that adsorbates 

generally cause a change in the work function of 
the substrate. The work of de Boer,! Rideal,? Bosworth,’ 
Mignolet,* and others has utilized this phenomenon to 
obtain information on the absorption of various sub- 
stances on metal substrates. The chemisorption of 
oxygen, nitrogen, and hydrogen seems to increase the 


Jwork function of metals, so that a negative contact 


potential results between a clean surface and one 
contaminated with one of these gases. It further 
appears that the contact potential varies almost 
linearly with the degree of coverage of the surface.’ 
These facts are most simply and reasonably explained 
by assuming that the individual adsorption complexes 
ad-atom-substrate or ad-molecule-substrate) have di- 
pole moments and are but weakly polarizable. The con- 
uct potential is then given by V.=2mM, where M is 
the dipole moment per unit area, so that V., is a linear 
unction of the coverage 6, if the dipole moment per 
adatom is constant. 

The origin of the dipole moments of individual 
adatom complexes is not well understood. It is probably 
more or less correct that adsorbate atoms can be 
wnsidered to have a slight excess charge, which, with 
its image in the metal, gives rise to a dipole of moment 
i= 2dgq, d being the distance of the center of the adatom 
to the surface and q its effective charge. For simplicity, 
the latter is considered spherically symmetric, so that 
higher moments are ignored. It must be pointed out 
that this model is somewhat idealized, since it is 
doubtful whether surfaces can be considered smooth on 
the atomic scale, or rather whether the image plane can 
thus be described. Boudart® has pointed out that 
ad-atoms of slight positive charge can give rise to 

* This work was supported in part by Contract AF 33(038)-6534 
with the United States Air Force. 

1 J. H. De Boer, Electron Emission and Adsorption Phenomena, 
(Cambridge University Press, Cambridge, 1935). 

*R. C. L. Bosworth and E. K. Rideal, Physica 4, 925 (1937). 

*(a) Reference 2, this paper; (b) R. C. L. Bosworth, Proc. 
Cambridge Phil. Soc. 33, 394 (1937); (c) R. C. L. Bosworth, 
Trans. Roy. Soc. N.S.W. 79, 53 and 166 (1946). 

‘J. C. P. Mignolet, Discussions on Heterogeneous Catalysis 


(Faraday Society, 1950), p. 105. 
*M. Boudart, J. Am. Chem. Soc. 74, 3556 (1952). 


negative contact potentials if the adatom fits into holes 
actually below the surface, so that the positive end of 
the dipole points inward. It is doubtful whether this 
situation exists with adsorbates other than hydrogen. 
Even in the latter instance it may be that the effect 
exists only on certain loosely packed planes. The device 
described below will be able to answer this question. 

The method of following chemisorption by contact 
potential measurements is relatively simple and fairly 
clearcut. It suffers from the fundamental disadvantage 
that the adsorption area must be macroscopic. This 
means in practice that wires or evaporated films are 
used, so that polycrystalline surfaces of unknown 
structure are involved. 

The advent of Miiller’s field emission microscope® has 
supplied a tool singularly suited for the study of individ- 
ual crystal surfaces under absolutely determinable 
conditions. It seems close at hand to apply this device. 
to a study of chemisorption. Very interesting patterns 
have been noted by Miiller,® Becker,’ the author,** and 
others. If a means can be found of determining the 
contact potentials of individual crystal faces of the 
single crystal emitter under various conditions of 
chemisorption, much valuable information can be 
obtained. Drechsler and Miiller have already deter- 
mined the work function of two crystallographic 
directions in clean tungsten by field emission.’ Their 
method consisted of cutting a small hole in a metal 
plate, coated with fluorescent material, on which the 
field emission pattern was allowed to impinge. The 
portion of the beam penetrating through the hole was 
then measured separately and represented the current 
from a small region of the emitting crystal. By opening 
the tube and rotating the tip, emission from various 
directions could thus be measured and compared with 
the total emission. A very similar device has recently 
been built in this laboratory, consisting of a field 


6 FE. W. Miiller, Z. Physik 131, 136 (and previous papers). 

7J. A. Becker, Bell System Tech. J. 30, 907 (1951) and un- 
published work. 

8 (a) R. Gomer, J. Chem. Phys. 21, 293 (1953); (b) J. Chem. 
Phys. 20, 1772. 

9M. Drechsler and E. W. Miiller, Z. Physik 134, 208 (1953). 
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Fic. 1. Unit cell of triangular dipole array. Dipole-dipole 
distance is a [dotted line connecting dipole sites (Po) ]. Equipoten- 
tials represented by solid lines. Points Pi, P2, P3 represent points 
for which potentials have been calculated. 


emission tube with a hole in the spherical envelope 
leading to a suitably constructed Faraday cage. In our 
arrangement the emitter is mounted in a way permitting 
its rotation (by means of magnetically operated levers 
and bearings) about 2 azimuths, so that any part of 
the field emission pattern may be brought to bear on 
the analyzer cage. 

It is apparent that this device enables one to measure 
the effective work function of individual crystallo- 
graphic directions by use of the Fowler-Nordheim 
equation,” which relates field current to applied field in 
terms of a work function. Unfortunately, the evaluation 
of the results is not as direct as in the case of contact 
potential measurements. In the latter case one measures 
the maximum potential barrier that electrons must go 
over, whether this maximum occurs at the site of the 
double layer (which would be the case for a completely 
smeared-out dipole sheet, i.e., a condenser) or whether 
it is found at a much larger distance from the emitting 
surface. In our case the details of the structure of the 
potential in the vicinity of the surface are important, 
since field emission depends on a tunnel phenomenon 
taking place within 10-15A from the surface. Thus one 
must consider that the potential will vary with position 
between individual dipoles, and that it will only build 
up to the final value of the contact potential in a 
distance much larger than the dipole half-length d. 

The chief object of this paper is, therefore, the 
determination of the potential curves for the emission 
of electrons from surfaces containing layers of dipoles. 
The determination of these curves is carried out by 
summation of individual dipole potentials. The calcula- 
tions are thus analogous to those of patch theory in 
thermionic emission." From these potential curves a 

10 R. H. Fowler and L. W. Nordheim, Proc. Roy. Soc. (London) 


Alll, 173 (1928). 
"J. A. Becker, Revs. Modern Phys. 7, 95 (1935). 


graphical determination of the effective potential 
barriers in field emission will then be carried out for 
various fields, so that the effective work function can 
be found. Similar graphical determinations have been 
used by Drechsler and Miiller® to obtain effective work 
functions for clean tungsten, taking into account 
surface roughness and local field enhancement. It will 
be obvious that the effective increment in work function 
in field emission will always be less than the correspond- 
ing contact potential, since the latter builds up to its 
full value at distances which increase with decreasing 
coverage. The effect of the high fields used in cold 
emission on the work function of the clean and gas- 
covered surface will be estimated in connection with 
polarization effects. Finally, some interesting conclu- 
sions regarding chemisorption can be drawn from 
the results on the structure of the electric potential 
within the ad-layer. 


ELECTRIC POTENTIALS DUE TO DISCRETE 
DIPOLE LAYERS 


For the purposes of this paper, individual dipoles will 
be considered as already described. The potential P 
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Fic. 2. Representative potential curves for nitrogen on tungsten, 
as functions of the distance x from the surface. 


due to a single dipole of this kind is then 
P= 144a(1/[y’+ (x—d)? }$—1/[y?+ (4+)? ]}!) ev, (1) 


where a is the charge on the adatom in electron charges 
d the dipole half-length, x the Cartesian coordinate 
parallel to the dipole axis, and y the coordinate perpen- 
dicular to it. The origin is taken at the center of the 
dipole. P is given in electron volts if all distances are 
expressed in angstroms. P given by Eq. (1) approaches 
the value for the potential due toa point dipole at large 
x and y. 

Our task is now the summation of the contributions of 
individual dipoles to the total potential at a given point. 
We shall consider only regular arrays of dipoles. This 


assumption is probably a good one for mobile chemi- 


sorbed layers, where dipole repulsion will tend to 
maintain the layer with maximum dipole-dipole 
distances. It may be possible to extend the present 
calculations to layers of other types; however, the 
present paper shows fundamental properties quite 
clearly and is an obvious starting point. Calculations 
were carried out for regular square and triangular 
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WORK FUNCTION 


(hexagonal) arrays. The results proved to be almost 
identical when translated into terms of coverage @. 
Hence only triangular arrays will be discussed. Three 
points within the triangular “unit cell” containing half 
a dipole were considered, as indicated in Fig. 1. Summa- 
tions, using the potential of Eq. (1) were then carried 
out for several values of the closest dipole-dipole 
distance a, extending to distances of 4a. At distances 
greater than 4a, direct summation was replaced by 
integration, using the potential due to a point dipole, 





P 4a—x” 


————} ydy 
8650? 44 (x°+y")! 
= 209dax/a?(x?+-16a?)? ev. (2) 


The total potential at a given point and a given distance 
from the surface « is then the sum of the corresponding 
summation and integration. Typical curves for P; and 
P; with a= 30A are shown in Fig. 2. a is of the order of 
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Fic. 3. Nondimensional plot of P; in terms of contact potential 
V'«, aS a function of distance from the surface, x, and dipole-dipole 
distance a. x and a are expressed in terms of the dipole half-length 
d. A curve for Po at x’=0.5 is shown for comparison. 


1/30 electron charges.’ It is seen that the potential 
does not rise as steeply as it would in the case of a 
uniform dipole sheet, but builds up gradually, reaching 
the value of the contact potential 27M at large distances. 
It is interesting to note that 


lim Pra—»= 27M. (3) 
Perhaps it should be stated explicitly that these results 
are strictly true only for infinite plane surfaces, cor- 
responding to an upper limit of infinity in the integral 
of Eq. (2) or to a solid angle 2 in the formula 27M. 
For finite surfaces the upper limit of integration (or the 
corresponding solid angle at large x) would be less, 
bringing the potential back to zero at x=. This is 
why finite crystals may have different work functions 
on various faces (caused by effective dipole layers), 
but the same inner chemical potential ; calculations for 
Infinite crystals lead to different inner potentials, 
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Fic. 4. Nondimensional plot of P; in terms of contact potential 
and dipole-dipole spacing as function of x. Symbols as in Fig. 3. 
A curve for Po at x’=2.5 is included for comparison. Note that 
the crossing over of curves implies that P; may have slight 
maxima before leveling off to the value of V. at x= @. 


depending on the face by which the crystal is entered. 
The reason for this is obvious from the above. While it 
is true that the contact potential for finite crystals will 
fall off eventually, the region of interest in field emission 
is so close to the surface that this effect can be ignored. 

The curves shown in Fig. 2 are based on a dipole 
half-length d=2A. All subsequent calculations will 
employ this value as most reasonable for actual cases. 
It is possible, however, to express the potentials 
nondimensionally as fractions of the contact potential 
V.. and to express a and x in terms of d. The results for 
P;/V.. are summarized in this way in Fig. 3. 

Calculations for P, and P; were not extended as 
far as those for P. Since the values of P2 lie between 
the corresponding ones for P; and P3, they are omitted. 
In general the values for P; are fairly close to those for 
P,. Thus the region enclosed by equipotentials up to 
and including the points P; can be approximated as 
having a potential somewhere between P; and P3;; 
roughly 80 percent of the surface is thus accounted for. 
For x’=0.5 and 2.5 calculations were also made for Po, 
representing the potential at an unfilled lattice site. 
Data for Po and P; are shown in Fig. 4. It is seen that 
Py is appreciably lower than the other potentials 
considered. 


EFFECTIVE WORK FUNCTION INCREMENTS 
RESULTING FROM DIPOLE LAYERS 


The results of the previous section will now be applied 
to field emission. Before doing so, it may be useful to 
give a very simple rationale for the Fowler-Nordheim 
equation. Figure 5a shows a one-dimensional potential 
energy diagram for electrons in a metal and surrounding 
space, in the presence and absence of an applied external 
field. The penetration coefficient of the barrier in the 
presence of a field is given by 


1 
D=const exp[ — (m/h) f /(V—E)dx}]. (4) 
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(b) 


Fic. 5. Schematic potential diagrams for metal surfaces with 
applied external potentials. (a) Clean metal, no image potential 
assumed. x represents work function, » the depth of the Fermi 
sea. (b) Same as (a) but based on image potential. Barriers are 
shown for clean metal and metal with a dipole layer of nitrogen. 
The upper dotted curve represents P; alone and is drawn from an 
origin at 4.5 volts on the diagram. 


The exponent is thus proportional to the area under the 
curve traced by the square root of the ordinate w= V—E 
in Fig. 5a, since (to a good approximation®) only 
electrons very near the top of the Fermi sea contribute 
to emission. The area A is nearly triangular and hence 
given by 

3x} -1=3x)/F, (5) 


where F is the applied field. Thus the dependence on 
work function and. field of the Fowler-Nordheim 
exponent seems reasonable. In this simple picture 
image potential was neglected. It can readily be seen 
that its effect would be to decrease the effective barrier, 
which amounts to increasing the effective field. This is 
the nature of the image correction later introduced 
by Nordheim.” 

In order to determine the effective increase in work 
function caused by a dipole layer, we proceed as follows. 
For a given field a plot of the potential barrier and its 
square root is constructed for the clean metal. The 
contribution of the dipole layer potential to the barrier 


2 L. W. Nordheim, Proc. Roy. Soc. (London) A121, 628 (1928). 


is then added, using the P; values corresponding to the 
coverage (or dipole-dipole distance) under considera- 


- tion. The square root areas for the clean and contam- 


inated cases are then determined by cutting out and 
weighing. It is now assumed that the pre-exponential 
parts of the penetration coefficients and of the Fowler- 
Nordheim equation change negligibly compared to 
the exponential parts, so that 
—) 
bd 


rt ax=x-( (5) 


where x represents the work function of the clean metal, 
Ax the increment due to the double layer, A the area 
of the square root barrier for the clean metal, and 
A+AA the area of the square root barrier for the metal 
in the presence of the layer. Figure 5b shows the barriers 
for a representative case. The classical image potential 
has been used and is blended smoothly into the Fermi 
level. It is clearly not correct to relate the simple 
Fowler-Nordheim equation to a potential barrier 
based on image potential. The following correction is 
therefore made: A third barrier is plotted, consisting 
of the clean metal barrier plus a uniform linear addi- 
tional potential of known value (approximately equal 
to the mean value of the actual layer potential under 
consideration). The procedure outlined above is then 
used to determine the apparent x+ Ay for this case. 
A correction factor given by (x+Ax) apparent/ 
(x+Ax) can thus be found and applied to the effective 
work function for the actual barrier. The effective Ay 
for the layer can then be compared with the correspond- 
ing contact potential. These results are plotted for a 
range of fields and 6 values in Fig. 6. 

These data are based on values of P;. A more correct 
procedure would require similar calculations for P2, P3, 
and so on. The resultant values of the work function 
would then have to be weighted by the corresponding 
emitting areas to determine the emission current at a 
given voltage. In practice, the error introduced by 
using P; is small, since P; is quite close to P; at all 
except very low coverages (large a). The effect of 
neglecting areas of higher work function than P, is to 
give slightly low values for the effective work functions 
at low coverage. 

A previous investigation of the velocity distribution 
of electrons in field emission®® has shown that emerging 
electrons may be expected to have energies of the order 
of 0.1 ev transverse to the direction of emission. This 
energy is sufficient to prevent focussing effects by the 
lateral potential gradients existing in the region of the 
potential barrier. It can readily be shown that potential 
differences between P; and points as close as 1A to a 
dipole site do not exceed 0.1 ev. 

A clean metal work function of x=4.5 ev was used. 
Effective dipole moments per ad-atom were those of 
nitrogen on tungsten, based on Bosworth’s’ value of 
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WORK FUNCTION 


the contact potential. In order to convert from values 
of a to the equivalent values of @, a mean number of 
sites/cm? equal to 1.2X10'® was assumed. @ is then 
given by 


6= (3.1/a)?, (6) 


je., the nearest neighbor distance at 6=1 is taken as 
3.1A. The contact potentials for oxygen and hydrogen 
on tungsten are so close to that for nitrogen that it is 
probably safe to use the percentage values given in 
Fig. 6 when dealing with these gases. 

Two facts emerge from Fig. 6. There is a marked 
decrease in effective contact potential with increase in 
field. Comparison of Figs. 3 and 6 shows that the 
effective contribution to the work function can be 
expressed empirically by the potential due to the layer 
existing at a distance from the surface «=5A at 
F=3X107 v/cm, and 2A at F=6X 107 v/cm. Over this 
range the relation is more or less linear. Second, the 
decrease in effective potential becomes less important 
at higher coverage, since a uniform dipole sheet is 
more closely approximated. 

The curves of Fig. 6 indicate that one should not 
expect strictly linear Fowler-Nordheim plots in the 
case of contaminated surfaces, since the effective work 
function changes with field. While this is true, it is 
possible to work at fields of the order of 3—4X10’ 
volts/cm and to stick to a very small range, so that the 
variation of work function over the working range 
is small. 


DEPOLARIZATION EFFECTS 


The calculations to this point have been expressed in 
terms of the contact potentials existing at a given 
coverage 0; these are average values based on measure- 
ments made on polycrystalline samples. 

It is interesting to ask what causes the slight depolari- 
zations observed by Bosworth.** Two factors must be 
considered. The first is the depolarization of the 
adsorbate complex itself under the influence of neighbor- 
ing dipoles. The existence of very strong potential 
gradients in dipole arrays was recognized many years 
ago by Langmuir. A second factor which seems to 
have been overlooked is the following: Common sense 
shows that the electron cloud in a metal does not 
terminate sharply at the surface, since this would 
lead to infinite gradients of the wave function and 
hence infinite kinetic energies. The calculations of 
Bardeen" show that a spilling over of the electrons takes 
place and gives rise to a double layer with the negative 
end directed outward. The contribution to the work 
function by this layer is of the order of 1 ev. Smoluchow- 
ski’s'*'5 refined considerations show that the details of 


. I. Langmuir, J. Am. Chem. Soc. 54, 2798 (1932). 

* Excellent summaries, with references, are given in C. Herring 
and M. H. Nichols, Revs. Modern Phys. 21, 185-270 (1949) and 
in the chapter by C. Herring in Metal Interfaces (American 
Society for Metals, Cleveland, 1950). 

*R. Smoluchowski, Phys. Rev. 60, 661 (1941). 
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AX/(Plgg AS A FUNCTION OF @ FOR VARIOUS VALUES OF 'F” 
(b) 


Fic. 6. (a) Work function increment Ax in field emission in 
terms of the corresponding contact potentials P;.. as functions 
of the applied field for various coverages @. (b) Ax/P1. as functions 
of @ for various applied fields F. 


the surface, i.e., the exact boundaries of the “S poly- 
hedra” are subject to similar considerations, so that 
electron spillover is possible from the hills to the 
troughs of a surface; this produces a double layer of 
opposite sign to that previously mentioned. These 
facts are responsible for the differences in work function 
of various faces of clean metal crystals. 

It is apparent that external fields will polarize the 
electron cloud at the metal surface. It will now be 
shown that the observed self-depolarizations of chemi- 
sorbed electronegative layers can be rather well 
explained by assuming that the effect is almost wholly 
due to a depolarization of this electron cloud by the 
dipoles constituting the layer. In order to calculate 
the effect, we resort essentially to the Fermi-Thomas 
method. We assume that the chemical potential (u) of 
electrons in the interior of the metal is equal to that of 
electrons in the external cloud. If the latter is subjected 
to an external potential not experienced by electrons 
in the interior, e.g., that due to an applied field or that 
resulting from a chemisorbed polar layer, a reduction in 
electron density p will occur in the external cloud. If 
Fermi statistics are applicable, we can write 


pp/p= (1—P/u)! (7) 
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Fic. 7. Schematic dia- 
gram for the electron density 
p at a metal surface. p, 
density in the interior. (a) 
linear decrease; (b) expo- 
nential decrease. 
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for the ratio of densities in the cloud in the absence and 
presence of an external potential P. 

There is very good reason to believe that the electron 
cloud at the metal surface is sufficiently dense to obey 
Fermi statistics. Thus field emission experiments on 
tantalum carried out between room temperature and 
2°K showed no appreciable change in the work functions 
or their relative values.'® Experiments by Dyke!’ and 
his associates not only confirm the validity of the 
exponential part of the Fowler-Nordheim equation, but 
show that it is valid at very high fields; also, his patterns 
for tungsten look exactly like those obtained by other 
workers at lower fields. This indicates that the effect of 
fields on the work function is small. All these facts can 
be true only for virtual fermions. 

The Thomas-Fermi method is strictly applicable 
only to systems in which the density gradient of 
fermions varies slowly, compared to their de Broglie 
wavelength. In connection with nuclear statistics, von 
Weizsiicker'® has developed a correction to the Fermi 
energy, which depends on this density gradient. Fig- 
ure 7 shows two models of the electron cloud at the 
surface. A linear decrease of density is assumed in Fig. 
7a and an exponential one in Fig. 7b. In terms of the 
chemical potential the Weizsicker correction yu, turns 
out to be 


dt i? dp |? & dp\ 77h? 
- = oF ]- et 22 (2) E (8) 
m 


" dp p dx? dx} J8m 


Application to the two cases shows that a term 


Hw= —h?/2my¢? at p=po/4 (9a) 


results for the linear decrease and a similar one but of 
opposite sign 


(9b) 


for the exponential decay. yo represents the distance in 
which the charge density drops from $9 to zero in the 
linear case and the distance in which it drops from po 
to po/e in the exponential one. It is seen that the 
Weizsicker energies for these cases are almost identical 
but of opposite sign. If yo is expressed in angstroms, 


Mw=h?/8my? at p< po 


‘6 R. Gomer and J. K. Hulm, J. Chem. Phys. 20, 1500 (1952). 
17W. P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 (1953). 
18 C.F. v. Weizsicker, Z. Physik 96, 436 (1935). 
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the corrections to the energy in ev amount to roughly 
1/yo?. Since yo is of the order of 1A, no serious error 
results from neglecting the Weizsiacker term. 

Strictly speaking, Eq. (7) should be applied at each 
point of the cloud and the resultant densities used for 
the determination of the new electron layer potential. 
For simplicity, however, it is assumed that the mean 
density in the cloud outside the metal can be taken as 
+o, and that the effect of external potentials consists 
merely in a reduction of this value, leaving the effective 
dipole distance unchanged. Then the ratio pp/p repre- 
sents the fractional decrease in the electron layer 
contribution to the work function. uw in Eq. (7) must 
therefore be divided by 4%. A value of uo=6 ev was 
used for the normal chemical potential. It is further 
necessary to carry out the solution self-consistently, 
that is, to consider the repolarization of the electron 
layer by the decrease in its self-potential. This is done 
by using Eq. (7) to calculate a first value of the new 
electron layer potential, subtracting this from the 
original value, and using this difference as the first 
repolarization potential. This is subtracted from the 
original external potential to obtain a new effective 
external potential for use in Eq. (7). Iteration is 
continued until a consistent value is reached. Calcula- 
tions were carried out for assumed initial double-layer 
potentials of 0.5 and lev. The results are shown 
in Fig. 8. 

It is possible to apply these results to Bosworth’s®* 
values of the contact potential for oxygen, nitrogen, and 
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Fic. 8. Decrease in potential V due to electron layer at a metal 
surface with applied depolarizing potential for two initial potentials 
of the layer. 
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WORK FUNCTION IN FIELD EMISSION. 


hydrogen on tungsten. For this purpose P; at x=1A 
js used as the depolarizing potential. Strictly, this P; 
(at a given @) must be based on the dipole moment per 
complex at zero coverage, i.e., on the initial slope of 
the V.. vs @ plot. The results for nitrogen and oxygen 
are shown in Figs. 9 and 10. The points represent sums 
of the depolarization and the actual contact potentials. 
The straight lines represent the initial slopes of the 
V. vs 8 plots, ie., the contact potentials that would 
result if there were no depolarization. It will be seen 
that both oxygen and nitrogen can be fitted very well. 
To obtain this fit, the electron cloud was assigned an 
initial potential of 0.5 volt in both cases. For hydrogen 
the V.. vs 8 plot shows almost no deviation from linearity 
up to the highest values of @ reached by Bosworth.* 
There is some question whether this value is 1, as believed 
by Bosworth,” or 0.7." In any case, there should be 
very little depolarization below a contact potential of 1 
volt on the basis of the present calculations. 

It should be emphasized that we do not attempt to 
calculate the electron layer potential a priori; the latter 
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Fic. 9. Contact potential 
ws coverage @ for nitrogen on 
tungsten after Bosworth, 
reference 3, (curved line). 
Straight line represents ini- 
tial slope, solid points the 
sum of the contact potential 
and the calculated depolar- 
ization. 
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is taken empirically to give the best fit with experiment. 
We crudely estimate the perturbation of this potential 
by external fields. It should also be pointed out that 
the V., vs @ curves taken from Bosworth? are not directly 
determined and thus subject to quite some uncertainty. 
On the whole, however, it seems reasonable to explain 
the observed depolarizations of slightly polarizable 
electronegative layers on the basis of electron layer 
depolarization. This result will certainly not be valid 
for electropositive adsorbates like cesium or barium 
on tungsten. 

The conclusion just reached enables one to estimate 
the effect on the work function of the fields necessary 
for cold emission. If the reasoning of this section is 
correct, ad-atom-surface complexes like N—W are very 
poorly polarizable so that experimentally produced 
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aise K. Rideal and B. M. W. Trapnell, J. chim. phys. 47, 126 
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Fic. 10. Oxygen on 
tungsten. Same as Fig. 
9. 
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fields would be quite insufficient to cause polarization, 
the more so as these fields (3— 5X 10" v/cm) are smaller 
than the inherent fields existing in the dipole layer. 
Thus for both clean and contaminated surfaces the 
effect on the electron cloud only need be considered. 
It turns out from Fig. 8 that at fields of 3X10’ v/cm a 
polarization of 0.07 volt should take place, thus 
increasing the work function by that amount over the 
weak field work function. 


ELECTROSTATIC EFFECTS ON HEATS OF 
CHEMISORPTION 


Experimental measurements of heats of chemisorption 
show that initially very high differential heats drop 
remarkably with increasing coverage. It has been 
realized for some time that Coulomb repulsion of the 
dipoles, depolarization effects, and so on are quite 
insufficient to explain more than a small fraction of 
this drop.® The latter may amount in the case of oxygen 
on tungsten to 60 kcal at @=.5. Boudart® has recently 
made the following very interesting suggestion: it is 
assumed that a small integral number of electrons is 
involved per ad-atom-substrate bond, and is thus 
localized in a region between the adatom and the 
surface; on the average these electrons will find them- 
selves more or less halfway between atom and surface, 
i.e., at 3d. If a given heat of formation H» corresponds to 
each bond of this kind, the observed heat of formation 
H will be smaller than H by the electrostatic energy of 
the bonding electrons in the potential of the layer at 3d. 
Boudart now assumes that the potential at this point 
can be taken as half the contact potential V., at a given 
coverage ; since V., varies linearly with 8, linear decreases 
in H and their order of magnitude would thus be 
explained. 

If the model of the chemisorbed layer used by "s is 
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correct, Boudart’s argument unfortunately no longer 
gives correct magnitudes and should not lead to linear 
changes in H. It turns out that Po at x’=0.5 is very 
much smaller than V,,/2 (see lowest curve in Fig. 3) 
for all conceivable values of a’. Furthermore, it is 
possible to express Py at x=1A for d=2A (the most 
reasonable actual assignment) by 


Po=18.1Ma* ev (M in Debye) (10) 


from which it follows that the dependence on @ is 


Py=.724M0'“ ev. — (11) 


If depolarization is taken into account, the result of 
Eq. (11) must be multiplied by the factor (1— 0.0640). 
This does not change the result significantly. Thus at 
6=0.5, Boudart’s effect can account for only about 8 
kcal in the case of oxygen, assuming two electrons per 
bond. It follows that Boudart’s effect can account for 
the observed changes in H only if individual adatom- 
surface complexes are far from being the simple dipoles 
by which we have represented them and have a charge 
distribution which leads to effectively continuous 
dipole sheets even at low coverages. It seems likely 
that there is considerable deviation from spherical 
charge distribution in the direction normal to the 
surface. This deviation should not affect our arguments 
too much. A spreading of the charge parallel to the 
surface would be needed to effect quasicontinuity of the 
dipole sheet. This does not seem probable for electro- 
negative adsorbates. 

Calculations similar to those of the first section of 
this paper show that dipole repulsion energies E, for 
a triangular lattice can be expressed by 


E,= .076M*6'-8 ey (M in Debye). (12) 
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Equation (12) leads to effects of the same order of magni- 
tude as that of Topping,” but is based on a dipole model 
with d=2A rather than on point dipoles. As Rideal 
and Trapnell” point out, and as is apparent from Eq, 
(12), this energy amounts to at most 2 kcal. 

Electrostatic interactions of the dipoles with the 
electron cloud at the surface may also be considered. 
A little thought will show that this effect, while small, 
must lead to an increase in H, since the only non- 
linear part can arise from the cumulative effect of the 
dipole layer potential on the cloud. This effect, as we 
have seen, is to drive the cloud back into the metal, 
hence reducing the net electrostatic interaction of the 
dipoles with the electron cloud. 

If these arguments are correct, it would appear that 
ordinary electrostatic effects are insufficient to explain 
observed decreases in H. Two possibilities remain. 
The first is connected with the fact that wires and films 
used in heat experiments are polycrystalline and thus 
may be sufficiently heterogeneous from the heat point 
of view. The second possibility is that the effect exists 
even on uniform surfaces and is caused by an increase 
in the kinetic energy of the electron cloud, resulting 
from the change in the gradient of the wave function 
when the cloud is partially driven back into the metal 
by the dipole layer potential. However, this effect 
cannot exceed the original Coulomb interaction, unless 
other quantum mechanical, essentially tunnel, effects 
set in. 
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h the . 
dered Analytic expressions are derived for the frequency distribution function g(f) of a simple cubic monoatomic 
null lattice. Only nearest and next-nearest neighbor interactions are considered, and the latter are assumed to be 
’ weak compared with the former. The procedure is based upon considering the next-nearest neighbor inter- 
’ non- actions as a perturbation, and the results are correct to the first power of a parameter 7 which is essentially a 
of the measure of strength of the next-nearest neighbor forces as compared with the nearest neighbor forces. 
as we It has been known for some time that a simple cubic lattice with only nearest neighbor interactions de- 
metal generates into the equivalent of three independent one-dimensional lattices giving a nonzero g(f) for f=0 
f ne and an infinite value at the maximum frequency. If, however, one includes even a small interaction between 
of the next-nearest neighbors, the behavior of g(f) near both ends of the spectrum changes considerably; in fact it 
vanishes at both ends. For intermediate frequencies, g(f) is continuous but has four analytic singularities 
r that with vertical tangents of the type predicted by van Hove for a quite general type of crystal. Although the 
xplain calculated g(f) is exact only in the limit r—0, it does properly describe the exact location and type of singu- 
; larities for O0<7<1/10. 
main, 
1 films 
| - I. INTRODUCTION dimensional crystal, one should expect to find at least 
on . : P : . . ti r ; 
a NEW wave of interest in the vibration spectra of °D¢ finite discontinuity and at least one logarithmic 
pe crystals has developed in recent years. Although singularity in g(f) whereas for any three-dimensional 
ulting J 2 applications, particularly in the theory of super- TYStal, one should find that d g/df has at least two 
action | Conductors, have given this subject new importance, infinite discontinuities and is also negatively infinite at 
metal | tenewed popularity has also centered around recent the maximum frequency. 
efiect | developments in the determination of the analytic form The calculations by Montroll and Smollett clearly 
unless | for the frequency distribution of the lattice vibrations. illustrate these theorems of van Hove as applied to a 


effects 


Interest in the latter was instigated some years ago by 


an exact evaluation of the frequency distribution for a 
two-dimensional square lattice with vibration couplings 
between néarest and next-nearest neighbors only in a 
monoatomic lattice.! Montroll found that the frequency — . ‘ 
tg gucthation function g(f) contained two logarithmic The lattice is simple cubic and monoatomic. The forces 
wen singularities. are harmonic and act between nearest and next-nearest 
form- 


More recently, Smollett? showed that logarithmic 
singularities also appear in the frequency distribution 
function for a two-dimensional crystal with long-range 
Coulomb forces. He also noted that these singularities 
were caused by saddle points in the surface which ex- 
presses the frequency of vibration as a function of the 
propagation vector. 

The most recent contribution to this subject was an 
analysis by Van Hove’ of the types of singularities to be 
expected in the frequency distribution g(f) for a quite 
general type of crystal lattice with harmonic forces. 
Van Hove showed that, assuming a periodic structure 
in the lattice, the frequency distribution of a crystal 
must contain a certain minimum number of analytic 
Singularities and that, except under very special condi- 
tions, the nature of these singularities depends only 
upon the dimensionality of the crystal. For any two- 
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two-dimensional system. The following gives an illustra- 
tion of how these theorems apply in a three-dimensional 
system. 

The system to be’ considered here is one that has been 
studied many times before by various approximations.‘ 


neighbors only along the line joining the particles. None 
of the previous investigations of this problem showed 
the detailed analytic character of the frequency distri- 
bution, because the approximations were not of such a 
type as to give exact details with a finite amount of 
labor. Although the following is also an approximate 
procedure, it does give exactly the location and the type 
of singularities in addition to giving an accurate evalua- 
tion of g(f) under well-defined conditions. 

The following notation, much of which is in common 
use, will be used to describe the problem: 


a=force constant for nearest neighbors 
2y= force constant for next-nearest neighbors 
t= 2y/(at+4y) 
v=fundamental frequency of some normal 
mode 
v_=the largest value of v 
f=v/v_=dimensionless unit of frequency, 
0S f<1 
($1, $2, 63)=coordinates in the 
—TiGjXt. 


4M. Blackman, Repts. Progr. in Phys. 8, 11 (1941). E. Montroll, 
J. Chem. Phys. 10, 219 (1942). 


reciprocal space, 
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The frequency of the normal modes for any finite 
lattice are found by solving for f the secular equation‘ 


a3;—2f? 12 13 
a2 d22—2 f? 223 =0 (1) 
13 23 a33—2f° 


in which 

ai;= 1—cos¢;(1—27+7 cosd;+7 cosdx) 

a;,=7 sing; singdx, jk. 
i, j, k is any permutation of 1, 2, 3, and the points 
($1, 2, 3) are given discreet values on a fine mesh 
square lattice in the reciprocal space. As the system 
becomes arbitrarily large, the points in the reciprocal 
lattice become uniformly dense, and the frequency spec- 
trum becomes continuous. It is then meaningful to seek 
a density distribution of the frequencies of the normal 
modes. 


(11,0,11) (17, 11,11) 
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Fic. 1. Surfaces of constant f for several values of f and r=0 
are represented by planes parallel to the coordinate planes. One 
branch is shown above. The other two branches are identical 
except for a permutation of the axes. 


The manner by which one should calculate this fre- 
quency distribution is quite straightforward. The 
chief barrier to a complete solution of this problem is 
purely algebraic. By solving (1) for f as a function of 
($1, $2, 3), one can construct in the space (¢1, $2, $3) 
surfaces of constant f. Since (1) is a cubic equation, 
there will be 3 values of f for each (41, $2, $3). It is 
usually convenient to separate these three solutions 
in some systematic way so as to establish a one-to-one 
correspondence between values of f and values of 
(1, 2, 3) on three separate spaces or branches. The 
frequency distribution function g(f) is then defined 
such that g(f) df is that fraction of the total volume in 
the three branches for which f(¢1, $2, $3) lies between 
fand f+df. If we let f:(¢1, $2, 3) be the frequencies at 
points of the 7th branch, then 


3(2n)8 df =i anf J f dbdgrdes 


filbr, $2, 63) Sf, —mSobi<a. (2) 
g(f) has been so defined that fo! g(f)df=1. 





g(f)= 
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cube 0<¢;<7 in which case (2) takes the form 


hs SS forte 


g(f)= 


Silhr, do, 3) <f, 


II. ANALYSIS FOR +=0 


0<¢;<r. 


The roots of (1) are invariant to changing ¢; to —4¢,. 
In the following we shall therefore consider only the 


(2a) 


In the crystal model we are considering, only those 
interactions between nearest and next-nearest neighbors 
have been considered. It is intended to represent a 
crystal with only short-range forces. In keeping with 
this, it is also proper to assume that 7 is small. 

By setting r=0, however, one obtains a frequency 
distribution which does not give a proper behavior at 
either low or high frequencies. In order to understand 
the effects of a small next-nearest neighbor interaction, 
we shall begin the investigation with a review of the 
case t= 0 for, despite its failures, it will serve as a guide 
to the later developments. 

If we set r=0 in Eq. (1), the secular equation sepa- 
rates trivially to give three roots 


2f?7= 1—cos¢;= 


2 sin*(¢;/2). 


(3) 


The reason for this simple decomposition is that the 
vibrations along the three crystal axis are not coupled 
with each other. The vertical vibrations of one particle 
are coupled only with the vertical vibrations of its 
nearest neighbors in the vertical direction. They are not 
affected by the vibrations of its neighbors along the 
other crystal axes. Thus the system behaves as three 
independent one-dimensional systems. 

For the purpose of constructing surfaces of constant 
frequency, there are two convenient ways of separating 
the three solutions of (3) into three separate branches. 
One way is to use the separation implied by (3), ie, 
to choose the first branch to have surfaces of constant / 
which are planes of constant ¢:. This scheme is illus- 
trated in Fig. 1. The other two branches are identical 
except that the planes are perpendicular to the ¢» and 
$3 axes in the other two branches. 

One is not, however, compelled to separate the solu- 
tions in this manner. Wherever a degeneracy occurs, 
ie., wherever the surfaces for the same value of f from 
two different branches would cross if placed in the same 
space, we have a choice of reconnecting the branches 
in a different manner without destroying the cor 
tinuity of the surfaces. Of course, any scheme other 
than the one above would have surfaces with right angle 


turns. 


A second convenient choice of separation is to make 
each branch symmetric in ¢1, $2, and $3. This scheme is 
illustrated in Fig. 2. Note that if one superimposes the 
three branches on the same space, the surfaces of cot- 


stant f form three intersecting planes parallel to the 
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three coordinate planes. Although we shall use simple 
modifications of the first scheme in most of the later 
discussions, the latter scheme is important because for 
7#0, the off-diagonal elements of Eq. (1) cause discon- 
tinuities to appear in the surfaces approximated by 
Fig. 1, whereas they merely round the sharp corners of 
Fig. 2 to make a smooth surface. 

The calculation of g(f) for 7=0 is quite trivial. If we 
use the scheme illustrated by Fig. 1, the contributions 
to g(f) are the same from the three branches; thus 


d ddidgrdds 
g(f)=x*— 
df Fi(pi, $2, $3) <f 
d d¢1 
ag 
df’ sin(1/2)<f 


= (1— fp). (4) 


One notices that g(f) has a singularity at f=1 and ap- 
proaches the limit 2/m for f=0. (The latter feature 
means that this distribution will not give the familiar 
Debye 7° law for the specific heat.) In later discussions, 
we will also find it convenient to observe the shape of 
the distribution of f? values. If we let G(f?) be the 
normalized distribution of the values of f?, fo! G(/?)df? 


=1, then 
G(P)=8(f)/2f=rLPii-f)F?. 


G(f*) has singularities at both f?=0, and f?=1 and is 
also symmetric about f?=3. 

Before proceeding with the analysis for 0<7<1, it is 
interesting to consider quite generally the conditions 
under which an approximate expression for f;(¢1, $2, $3) 
can lead to large deviations in the curve for g(f). Sup- 
pose f;°($1, $2, $3) is some approximation for the fre- 
quency of the ith branch and A,(q, ¢2, $3) the error, 
fildr, 2, oo $2, $3) +A; (¢1, $2, $3). Then 


ddiddrdds 
~ 3a3 gh i=1 ES Sh fO+Ai<f 
dgidgrdds 
Sa? df i= ES Lo 


=f Ai($1, $2, b3)dS 
| grad f:°(1, $2, $s) | 


S(f) 





A; is assumed to be small in the approximation above, 
and the second integral is a surface integral over the 
surface f(1, $2, $3) = f. 

We might expect unusual things to happen if any of 
the following should take place. 


(a) A; is large 
(b) gradA; is large 
(c) grad f° vanishes 


(d) derivatives of grad f° diverge 
(e) the boundary of S varies rapidly with f. 
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Fic. 2. A surface f=constant has three branches. In Fig. 1 
they are represented by planes parallel to the coordinate planes. 
It is also possible to separate the three roots of the secular equa- 
tion into three branches in such a way that in each branch, f is 
symmetric in $1, ¢2, and ¢3. This scheme is illustrated above. A 
superposition of these three branches gives again the three branches 
of which one would appear as in Fig. 1. 


We shall presently see how some of these cause gross 
distortion of the frequency distribution despite the 
fact that A is small over most of the space. The vanish- 
ing of grad/f® is also the cause of singularities in the 
approximate G(f?). Thus we anticipate unusually large 
errors in G(f*) in the vicinity of singularities of the 
approximate G(f?). In particular, we shall see that even 
a small 7 greatly distorts the G(f?) for r=0 in the neigh- 
borhood of f?=0 or 1. 


Ill. SURFACES OF CONSTANT f, 0<*<1 


To solve (1) for small 7, we propose to use the con- 
ventional first-order perturbation theory. This will 
suffice to determine f to order r except at such ¢; for 
which two or more of the f; are nearly degenerate. As 
the next approximation, therefore, we consider 


2f?=1—cos¢;(1—27r+7 cosd;+7 cosdx), (6) 


where i, 7, and k are some cyclic permutation of 1, 2, and 
3. This approximation (as well as the higher perturba- 
tion approximations) breaks down when two of the 
diagonal elements of (1) are nearly equal, thus when 


cosd;(1—27-+7 cosd;+7 cosdx) 
~cos¢ ;(1—27-+-7 cosd:+7 cosdx) 
(cos@;— cos ;) (1—27-+-7 cosd;)~0. 


The second factor cannot vanish unless 7>}. For 
7<4, the degeneracies occur only along the diagonal 
planes of the cube, 


gi=¢2, g2=¢3, and g1=¢3. (7) 


For now, we shall disregard the effect of these de- 
generacies on the values of f; and assume that (6) is 
approximately correct everywhere. The error in g(f) 
due to this assumption will be considered in Sec. 5 along 
with other errors. 

The separation of the three roots of (6) into three 
branches can still be accomplished in many ways. In 
this respect the situation here is no different than in the 
previous section. Whenever a surface of constant f 
crosses a degeneracy surface, one has a certain degree 
of liberty in the manner of connecting the surfaces. 
These degeneracy surfaces as given by (7) are indeed 
the same as for r=0. If we use the separation implied 
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Fic. 3. The shape of the surfaces of constant f for 0<7r<1 is 
illustrated above in which only a section of the cube for ¢: small 
appears. The surfaces shown correspond to the following values of 
f: a) f?=4r, b) ft=r, c) f?=3r/2, d) f*=2r and e) f*=5r/2. 
The surfaces assimilate the planes of Fig. 1 except that for r>0, 
the surfaces bend downward into the ¢2—¢; plane for f?<27. The 
other two branches are obtained by permuting the axes. 


by (6), the three branches are identical except for a 
permutation of the axis. The surfaces approach those 
of Fig. 1 as r—0. A scheme corresponding to that of 
Fig. 2 can also be used and would indeed be the ap- 
propriate one to use in considering higher approxima- 
tions that cause a splitting of the degeneracies. 

For the present, we shall continue to use the former 
scheme because the surfaces are somewhat easier to 
visualize, and we need consider only one branch. 
Whereas the surfaces of constant f for 7=0 were planes 
parallel to the coordinate planes, the corresponding 
surfaces for r~0 are 


cos¢1= (1—2f?)[1—7(2—cos¢3— cose) 


(i has been chosen as 1 in Eq. (6).) 

We first observe that for 0<7<4, the second factor 
in (8) is always positive. Thus cos¢; is positive or nega- 
tive accordingly as f? is less than or greater than 3. 
Furthermore, if we replace f? by 1— f? and ¢1 by r—41, 
(8) remains invariant. This means that the surface 
1— f*=constant is obtained from the surface {?=con- 
stant by reflecting across the plane ¢:=7/2. The sym- 
metry, of course, also holds for r=0 and causes G(?) 
to be symmetric about f?=}. (This symmetry will be 
destroyed, however, by higher approximations.) 

For purposes of analyzing the shape of the constant 
frequency surfaces, it is sufficient to consider only the 
surfaces f?<3 which lie in the half cube ¢:<7/2. The 
distinguishing features of these surfaces are illustrated 
in Fig. 3. The value of ¢; at ¢2=¢3;=0 is independent 
of r but for 7>0, ¢: is a monotone decreasing function 
of $2 and ¢3. If f?<27, the surfaces of constant f will 
not extend over all values of ¢2 and $3 because of the 
necessary restriction | cosi|<1. ¢1 vanishes when 


2fP= 7r(2— cosd3— cosd2) 
f?=r[sin®(¢3/2)+sin($2/2) ]. 


Since (8) is an equation involving only the cosines 
of the angles and since d cos¢/d#=0 at ¢=0 or 7, the 
surfaces of constant f will, with but a few exceptions, 


(8) 


(9) 
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intersect faces of the cube at right angles. The excep- 
tions to this are quite obvious from either analytic or 
geometrical reasoning. A surface that intersects a corner 
of the tube cannot be perpendicular to all three faces, 
The surfaces {?=7 which intersects the corners (0, 7, 0) 
and (0, 0, 7) is shown in Fig. 3 as well as the surface 
f?=2r which intersects the corner (0, 7, +). The surface 
f’=0 contains only the single point (0, 0, 0). In each 
case the surfaces in the neighborhood of the corners are 
quadratic functions of the displacements from the 
corners. 

As anticipated in the previous section, we see that 
drastic changes are taking place in the surfaces of con- 
stant f as r becomes greater than zero. These changes 
will be particularly pronounced for f? of order 7 or less 
and by symmetry also for 1—/f? of order 7 or less. 
Whereas for r=0, G(f*) diverges as f*-0; for 70, 
G(0)=0. As a consequence of the “saddle points” at 
the corners of the cube, we expect, in accordance with 
Van Hove’s analysis, that g(f) and G(f*) will have 
vertical tangents at f?=7 and f?=2r, also at 1—f*=r 
and 1— f?=2r. 

To rigorously prove that the above conclusions are 
not invalidated by better approximations than Eq. (6) 
requires a somewhat more detailed analysis (see Sec. 5). 
One may well question these conclusions on the grounds 
that the eigenvalues are degenerate at all corners of the 
cube and gradf vanishes at all corners. 




















IV. EVALUATION OF G(f?) 


The actual calculation of G(f?) is not difficult even 
though the integrals can apparently not be evaluated in 
closed form. It is, however, possible to express G(/’) 
in terms of integrals that depend only upon one param- 
eter instead of two (f? and 7). 

The function we seek to determine is 


Gare f f f ddrddudes 


integrated over the region 


0<¢i<r 













and 





2 f>1—cosdi(1—27-+-7 cosde+7 cos¢ds) 
or for fP'<3, 


d 
Gar ff eeu. 
Xcos“{ (1—2f2)[1— 7 (2—cosd2—cos¢-) 1} 








integrated over the region 
O<¢2,¢3<m2 and 2f>7(2—cosd2—cos¢s) (1!) 


Since the integrand vanishes at that boundary which is 
function of f, the differentiation of the integral pr0- 
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duces no surface terms and thus gives 


aip=ar ff déads, 


X {{1—7(2—cosde—cosd;) P— (1—2f7)?}-3 (12) 


integrated still over the region (11). 
It is convenient to factor the integrand of (12) into 


[2f'—1(2—cos@3— cose) 3 
x[2(1-—f?)— 7(2—cosd3— cosd2) [3 
=1{ f?—7[sin?($3/2)+sin?(¢2/2) ]}-3 
X {1— f-—rLsin*(bs/2) +sin* (2/2) 4. 


Inasmuch as we neglected the off-diagonal terms in 
(1), it is consistent for us to make any desirable expan- 
sions based upon the assumption 71 and keep only 
linear terms in 7. We shall not attempt to expand the 
first factor when {*<} because this will not be justified 


(13) 

















O2 04 7? 06 08 Lo 


Fic. 4. The density of values of f?, G(f?), is plotted vs f? for several 
values of r, 0<7<1/10. The curves have vertical tangents at 


f=0, 7, 27, 1-27, 1—7, and 1. 


for arbitrarily small f?. However, we are justified in 
expanding the second factor in powers of 7 on the basis 
that r«}<1— /*. We write the result of this expansion 
of (13) in the form 


(1 PN (1— f°/2)[x—sin? ($s/2)— sin? (b2/2) 4 
| —147[k—sin?($3/2)—sin®($2/2) }}} 
in which 


k= f?/r. (14) 


We insert this into (12) and rewrite (12) in the form 


G(P)=4ae-8(1— f2)-H{ (1— f?/2)T (x) —47 (x)} (15) 


1=4 f f dadés[x—sin®(fx/2)—sin®($2/2)}? (16) 


I(x) 


1 J f ddadés{x—sin? (fx/2)—sin®(b2/2)}!. (17) 
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Fic. 5. The density of values of f, g(f), is plotted against f for 
several values of r,0<7<1/10. These curves have vertical tangents 
at ff=r7, 27, 1—27, 1—7, and 1. 


The limits of integration in (16) and (17) correspond to 
those in (11) which we rewrite as 


«> sin?($3/2)+sin?(¢2/2). 


The calculation of G(f?) is thus essentially reduced to 
the evaluation of two integrals 7(x) and’J(x). Actually 
one need labor over only one of them since they are 
related by 


0< do, osXT, (18) 


JI (x)=3 f I (x)dk. (19) 


0 


Two analytic singularities in J (x) are caused primarily 
by a change in the shape of the boundary (18) at x=1 
and x= 2. This region of integration is the projection of 
the surfaces of Fig. 3 onto the ¢2—¢@3 plane which for 
k<2 is defined by the intersection of the surface with the 
¢2—¢3 plane. For x>2, the second condition in (18) is 
satisfied everywhere in the square 0<¢», 37. 

Although it seems that there should be an elegant 
way of treating this integral for arbitrary x, no such 
method was found. I(x) and J(x) were actually evalu- 
ated by some combinations of analytic and numerical 
procedures that are hardly worth detailed description 
here. 

The interesting regions are for x near 0, 1, and 2. For 
x1, I(x)~37x? plus terms of order x}. Near x=1, 
I(1)—I(x) is proportional to (1—«)! for «<1 and 
dI(x)/dx has an infinite discontinuity at x=1. Near 
x=2, I(2)—I(k) is proportional to (x—2)! for x>2 and 
dI(x)/dx has another infinite discontinuity at «= 2. 

From graphs of J(x) and J(k), one can construct a 
family of curves for G(f*) for various small values of r. 
Several such curves are shown in Fig. 4. It is interesting 
to notice how for small 7, these curves approach the 
curve r=0. The corresponding curves for g(f) are shown 
in Fig. 5. They show discontinuities in slope at f=}, 
(2r)!, (1—7)!, and (1—2r7)!. 

Except for these singularities, the curves have very 
much the same general shape as previous approximate 
curves.’ 
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V. ACCURACY OF RESULTS 


The discussions in the previous sections were based 
upon the assumption that for sufficiently small 7, one 
could neglect the off-diagonal terms of (1). We shall now 
give a more rigorous justification for this assumption 
and determine the limits of its validity. We are not 
particularly interested in evaluating explictly the 
errors of order 7? that are to be normally expected in 
such an approximation, but rather we wish to investigate 
if any of the possible sources of exceptionally large 
errors listed at the end of Sec. 2 can cause a serious dis- 
tortion of the curves given in the last section. Except 
near degeneracies, the error in the evaluation of f itself 
is of order 7”. If none of these listed anomalies takes 
place on or near a surface of constant f, the calculated 
value of G(f?) or g(f) will be correct at that value of 
f to order 7 with the error of order 7°. 

We first consider the possibility of large errors in f, 
which could, of course, arise only near the planes of 
degeneracy. Even near these planes, however, the error 
in f can at most be of order 7. Unless the curves of 
constant f run tangent to the planes of degeneracy at 
some point, the error due to this alone will, however, 
not cause a serious distortion of distribution curve 
because the error in f will be of order 7 only on a small 
fraction (generally of order r) of the total area of the 
surface over which one must integrate to find G(f?). 
We still expect G(/?) to be correct at most values of f 
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to order 7, but since any curve f?= constant will gener- 
ally intersect one or more of these degeneracy planes, 
the error in G(f*) could be of order 7? logr. [We would 
expect this to cause errors of order 7” logr in the conttri- 
bution to G(f*) from any given branch, but the errors 
due to different branches usually have a tendency to 
nearly cancel. | 

The possibility of degeneracy planes running nearly 
tangent to the surfaces of constant f can be ruled out, 
in general, on the grounds that the degeneracy planes 
are the diagonal planes of the cube, whereas, the con- 
stant frequency surfaces are nearly parallel to the co- 
ordinate planes. The only possible exceptions to this are 
near the corners of the cube where the corrected curves 
of constant f are appreciably distorted from planes. 
The corners of the cube are also vulnerable positions 
for other errors and must be given special consideration. 
We notice, for example, that gradf vanishes at the 
corners. 

Since all off-diagonal elements in (1) vanish at the 
corners, the frequency at the corner is given exactly by 
(6). The off diagonal terms vanish as the square of the 
distance from the corner (in addition to being of order 
7). Wherever grad f vanishes so also does the error and 
the gradient of the error. It turns out that this is just 
sufficient to prevent the off-diagonal terms from causing 
any error of order 7 (even percentagewise) in the g(/) 
curve. Near the origin for example, we can expand the 
sines and cosines to give 


THis 
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The off-diagonal terms are still smaller by a factor of 7 
than the diagonal terms. The same arguments used pre- 
viously to show that g(f) was correct to order 7 at 
points other than the corners can be used again to show 
that g(f) is percentagewise correct to order 7 for small 
f near the origin of the cube. An inspection of the situa- 
tion at the other corners will convince the reader that 
the curve derived for g(f) is also correct to order 7 for 
those values of f at points near the other corners of 
the cube. 

The most critical point of the cube is the corner 
(x, x, 7). The curves of constant frequency must “turn 
the corner” where a threefold degeneracy exists. Al- 
though the above conclusions regarding the accuracy are 
still valid here, it is at this corner that the approxima- 
tion first breaks down if 7 is chosen too large. 

To see what sort of things could cause a break down 
in the above method, it is helpful to consider the exact 
analysis of the corresponding two-dimensional problem 
given by Montroll.'! The present method can, of course, 
also be applied to the two-dimensional problem, in 
fact the frequencies of two branches along the three 
faces ¢1=0, ¢2=0, and ¢;=0 are exactly those fre- 
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problem. We expect that any anomaly of the two-dimen- 
sional problem will appear in some form or other also 
in the three-dimensional case. 

In two dimensions, one observes from Montroll’s 
analysis that for 7<}2, there is a saddle point at the 
corner (x, 7) of one of the branches if frequency is 
plotted against ¢; and @». As 7 increases past 3, this 
saddle point changes into a local minimum and a new 
saddle point develops and starts to move down the 
main diagonal from this corner. One can locate this new 
saddle by observing that f has a maximum along this 
diagonal of the square. 

The approximation scheme described here does not 
properly describe this phenomena. It takes place when 
the curves of constant frequency try to approach the 
corner nearly tangent to the diagonal line of degeneracy: 
Actually the off-diagonal terms cause the curves of 
constant f to come into the corner even closer to the 
diagonal than the approximation predicts (at least on 
the one branch of interest here). 

This breakdown of the approximation in two dime? 
sions means also a breakdown of the approximation 11 
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three dimensions at = in the vicinity of the points 
(0, 7, 7), (7, 0, +), and (x, 7, 0) or at the frequency 
f=2r. Although the breakdown at these points is not 
the first one that takes place as 7 increases, a study of it 
at least gives some indication of what sort of behavior 
to look for at the point (z, z, 7). 

In three dimensions near the point (z, 7, 7), one can 
detect unusual developments by observing the fre- 
quencies along the main diagonal from (0, 0, 0) to 
(, 7, 7). One expects, just as in two dimensions, that 
the distortion will be greatest along this line of maxi- 
mum degeneracy. Because of the symmetry of the 
matrix (1) when ¢:=¢2=43, the three roots fi, f2, and 
f;of (1) are easily found to be 


2f/?=(1+27r)—(1—2r) cosp—4r cos’ 
(21) 
2f/2=2 f= (1—7)— (1—2r) cos¢—7 cos’o 


with 6=¢1=¢2=¢3. It is the first of these that is of 
particular interest. In addition to fi? having the ex- 
pected stationary values at ¢=0 and ¢=7, it also has a 
maximum at cos#= — (1—27r)/8r. This maximum will 
be meaningful only if —1<cos¢ or if 


a 
T 10° 


When 7 reaches ;'5, we know that the shape of the 
surfaces near (7, 7, 7) undergoes some change that the 
approximate procedure does not predict. Apparently, 
as in the two-dimensional problem, a new saddle point 
is developing at r=79 which for 7> 7g moves down the 
main diagonal leaving a local minimum at the point 
(x, 7, 7). We expect that this breakdown will take place 
quite suddenly as 7 approaches 7g and for 7 near 75 
will be localized near f?=1—2r. Since there is no ap- 
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parent source of difficulties for r<¥35, the curves of the 
last section appear to be accurate to within a few per- 
cent up to 7 almost 75. 

No serious attempt has been made to analyze in 
detail what happens for r> 75. The problem becomes 
quite tedious, and one is discouraged by the expectation 
that the approximations will break down again at 
other points when r=? and will go completely wild at 
t= 3 when a new set of degeneracy planes appears. 


t=} will also be a critical value and possibly also 


r=1/7. ; 

Some three-dimensional wave surfaces for r=} have 
been plotted numerically to investigate qualitatively 
what to expect. For r=}, it is possible to obtain expan- 
sions for g(f) at small f and for f near 1. It is also 
possible to detect and analyze a logarithmic singularity 
in g(f), a feature one does not expect except for certain 
critical values of 7. Aside from this, the only significant 
conclusion to be drawn from this study of r=} is that 
one can generally expect the surfaces of constant f to 
be far more complex than most people have anticipated. 

In conclusion, it should be noted that although the 
method employed here can be applied to a few other 
problems, it certainly cannot be classified as a proce- 
dure for handling general vibration problems. The suc- 
cess of the procedure in this case rests upon knowing a 
rather simple solution of the problem for r=0. 
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The heat capacity of thorium dioxide was determined from 10 to 305°K in an adiabatic calorimeter. As 
expected, no anomaly was observed in the heat capacity. The enthalpy, entropy, and free energy were cal- 
culated from the heat-capacity data and are tabulated for several temperatures. At 298.16°K the entropy 
and the enthalpy are, respectively, 15.593+0.02 cal deg mole and 2524.4+3 cal mole. By assuming 
the lattice entropy of uranium dioxide and of neptunium dioxide to be equal to the entropy of thorium 
dioxide, the magnetic entropy contributions at 298.16°K were evaluated as 3.0 cal deg! mole for uranium 
dioxide and 3.6 cal deg™! mole for neptunium dioxide. These values are somewhat greater than the spin- 
only values (R In 3=2.18 cal deg“ mole for uranium dioxide and R In 4=2.75 cal deg“ mole“ for nep- 
tunium dioxide). The entropies of the other isomorphous actinide dioxides at 298.16°K are estimated to be 
(in cal deg mole) 17.8 for PaOz, 19.7 for PuOs, 20.0 for AmOz, 20.3 for CmOz, 20.6 for BkOz, and 20.3 


for CfOo. 





Fee auras have been observed in the heat ca- 
pacity of uranium dioxide at 28.7°K! and of 
neptunium dioxide at 25.3°K? that are presumably 
related to the magnetic behavior of these substances. 
In order to obtain an estimate of the contribution of 
the lattice vibrations to the heat capacities of uranium 
dioxide and of neptunium dioxide, so that the magnetic 
contributions can be resolved, measurements have been 
made of the heat capacity of thorium dioxide. 
Inasmuch as the electronic structure of the Tht ion 
is of the rare gas type, with a ‘Sp ground state, and 
thorium dioxide is diamagnetic,* the heat capacity of 
thorium dioxide arises entirely from the lattice vibra- 
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Fic. 1. The calorimeter: 
A, cone for cooling; B, 
monel tube; C, copper 
vanes; D and G platinum 
resistance thermometer; £, 
thermocouple well; F, con- 
stantan heater; H, spool 
for leads. 
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1 Jones, Gordon, and Long, J. Chem. Phys. 20, 695 (1952). 

2 Westrum, Hatcher, and Osborne, J. Chem. Phys. 21, 419 
(1953). 

8 W. Trzebiatowski and P. W. Selwood, J. Am. Chem. Soc. 72, 
4504 (1950). 


tions and should not show an anomaly. Further, the 
dioxides of thorium, uranium, and neptunium, as well 
as those of protactinium, plutonium, and americium, 
all have the fluorite structure. The lattice parameter‘ 
is 5.597A for thorium dioxide, 5.468A for uranium 
dioxide, and 5.436A for neptunium dioxide, and the 
masses of the isotopes of the cations employed are 232, 
238, and 237, respectively. Because of the similar 
structure and the small percentage differences between 
the lattice dimensions and between the atomic masses, 
it seems reasonable to assume that the heat capacity of 
thorium dioxide is a good approximation for the lattice 
contribution to the heat capacities of uranium dioxide, 
neptunium dioxide, and the other actinide dioxides. 


. THORIUM DIOXIDE SAMPLE 


A very pure sample of electrically fused thorium 
dioxide that had been ground and sieved to 200 mesh 
was ignited to constant weight at 800°C in a platinum 
dish and then weighted directly into the calorimeter. 
Gravimetric analyses on the thorium dioxide (before 
ignition) by A. R. Mendenhall, Jr., indicated 750 ppm 
of water and 40 ppm of carbon. It is believed that the 
traces of water and carbon were removed by ignition. 
Thorium determinations by K. J. Jensen using gravi- 
metric oxalate precipitation were 87.93, 87.54, and 
87.88 percent thorium (theoretical, 87.88 percent). 
Spectrochemical analyses by J. P. Faris and J. A. 
Goleb revealed the following impurities in ppm: 50 
of Al, 10 of Fe, 50 of Si, less than 5 of B, Be, Bi, Co, 
Cr, Cu, K, Li, Mg, Mn, Na, Ni, Pb, Sb, and Sn. 

Analyses for the rare earth elements were performed 
by K. J. Jensen and J. P. Faris by a procedure involving 
extraction of the thorium into thenoyltrifluoro-acetone 
and spectroscopic examination of the raffinate for the 
rare earths. Checks were made to determine the validity 
and sensitivity of the method. The only rare earth 
element detected was lanthanum (40 ppm). The uppée 


4 W. H. Zachariasen, Acta Cryst. 2, 388 (1949). 
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limit of the sum of all the other rare earth elements was 
150 ppm. 

The mass of the sample used in the calorimeter was 
185.504 g. 


CRYOSTAT AND CALORIMETER 


The cryostat used in these measurements has been 
previously described? and was modified only by sub- 
stitution of a copper “floating” ring’ for the outer 
adiabatic shield and by increasing the dimensions of 
the remaining adiabatic shield to inside diameter 4.8 
cm, length 12 cm, and thickness 0.75 mm, in order to 
accommodate a larger calorimeter. 

The gold-plated copper calorimeter, 2.8 cm in diam- 
eter and 6.4 cm long, is shown in schematic section in 
Fig. 1. The thickness of the shell is 0.25 mm. A carefully 
machined copper cone (A) at the top provides thermal 
contact with the adiabatic shield when it is desired to 
cool the calorimeter. The lid of the calorimeter is soft- 
soldered in place after filling. Six vanes (C) of 0.1 mm 
copper foil, soft-soldered to the re-entrant well, aid in 
establishing temperature equilibrium. Pure helium gas, 
at a pressure of one atmosphere at 25°C, is used to 
provide thermal conductivity between the sample and 
the calorimeter. A small hole drilled in the end of a 
thin-walled Monel tube (B) serves for evacuation and 
filling with helium. The amount of solder used for 
soldering the lid and closing the hole in the tube (B) 
is determined by reweighing the closed calorimeter. 

The re-entrant well contains a 25-ohm capsule type 
platinum resistance thermometer® (D) (Laboratory 
designation A-1) within a cylindrical copper heater 
tube (F). The heater tube is wound bifilarly with 160 
ohms of B and S No. 40 double glass insulated con- 
stantan wire, which is cemented in place with baked 
Formvar. The glass head (G) through which the ther- 
mometer leads are sealed is entirely within the enlarged 
portion of the well, and the lead wires to both the 
thermometer and the heater are brought to temperature 
equilibrium with the outside of the calorimeter by 
means of a small copper spool (H) around which the 
leads are wound and cemented with baked Formvar. 
The spool is bolted in place with 00-90 brass cap screws. 
A copper-constantan differential thermocouple junction 
coated with baked Formvar makes a snug fit in a small 
tube (E) soldered to the calorimeter. A weighed amount 
of Lubriseal stopcock grease is used to establish thermal 
contact between the calorimeter, thermometer, heater, 
thermocouple, and spool. The amount of stopcock 
grease is carefully maintained constant to a few tenths 
of a mg in the heat-capacity measurements on the 
empty and on the full calorimeter. The mass of the 
empty calorimeter including thermometer, heater, 
spool, and grease is 45.7 g. 


*Yost, Garner, Osborne, Rubin, and Russell, J. Am. Chem. 
Soc. 63, 3488 (1941). 

°H. J. Hoge and F. G. Brickwedde, J. Research Natl. Bur. 
Standards 22" 351 (1939). 
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TABLE I. Heat capacity of ThO2. Molecular 
Weight = 264.12; 0°C=273.16°K 








Cp 
(cal deg 
mole~) 
10.43 
10.90 
11.36 
11.80 
11.35 
11.78 
12.19 
12.56 
12.91 
13.24 
13.54 
13.81 
14.07 
14.31 
14.53 
14.73 
14.91 


Cp —_ 
(cal deg T 

mole (°K) 
3.340 166.27 
3.786 175.73 
4.230 185.75 
4.722 195.89 
5.257 185.66 
3.337 195.64 
3.784 205.69 
4.380 215.83 
5.103 226.06 
5.697 236.26 
6.219 246.35 
6.745 256.45 
7.269 266.58 
7.804 276.62 
8.359 286.58 
8.924 296.52 
9.450 305.40 
9.956 


ms Cp = 
% (cal deg i 
(°K) mole~!) (°K) 


0.034 





10.19 
11.85 
13.44 
15.15 
17.09 
19.14 
21.18 
23.27 
25.46 
27.83 
30.52 
33.59 
37.00 
40.93 
45.48 


61.43 
67.15 
72.93 
79.41 
86.35 
61.39 
67.11 
74.95 
84.37 
92.34 
99.61 
106.97 
114.43 
122.30 
130.77 
139.55 
148.37 
157.30 








The calibration of thermometer A-1 and the method 
of making the heat capacity measurements have been 
described previously. ? 


L EXPERIMENTAL RESULTS 


The molal heat capacities are listed in Table I in 
chronological sequence. The temperature intervals can 
usually be estimated from the difference between the 
average temperatures for successive runs. A correction 
for curvature, amounting at most to 0.001 cal deg 
mole, has been made. Also, small corrections were 
made for the difference in the amount of helium and of 
solder in the measurements on the empty and on the 
full calorimeter. The results are expressed in terms of 
the defined thermochemical calorie equal to 4.1840 
absolute joules. The molecular weight of thorium 
dioxide was taken to be 264.12, and the ice point was 
taken to be 273.16°K. 

The rate of heating was 1 deg/min or less, except in 
a few duplicate runs where it was varied intentionally. 
For example, the runs at mean temperatures of 61.63 
and 61.39°K had a temperature rise of 5.9° and a rate 
of 1.2 deg/min; the run at 61.43°K had the same 
temperature rise but half the rate. The run at 74.95°K 
had an abnormally high rate (2.1 deg/min) and a 
large temperature rise (10.1°). The duplicate runs of 
varying heating rate agree within 0.1 percent and 
indicate that the shield control was satisfactory. 

Values of the molal heat capacity at selected tempera- 
tures, read from a smooth curve through the experi- 
mental points, are presented in Table II. These values 
are considered to have a probable error of 0.1 percent 
above 25°K; at 14°K the probable error may be 1 
percent, and at 10°K it may be 3 percent as a conse- 
quence of the decreased sensitivity of the resistance 
thermometer and the provisional nature of the tem- 
perature scale below 14°K. 








TABLE II. Thermodynamic properties of ThO2. 











- F° —H)° 
Cp H° —H,° s° T 
T (cal deg= (cal (cal deg (cal deg! 
(°K) mole™) mole~') mole) mole) 
10 0.032 0.08 0.011 0.003 
15 0.096 
20 0.240 
25 0.492 
30 0.827 
40 1.614 
50 2.430 38.60 1.068 0.296 
60 3.226 
70 4.006 
80 4.767 
90 5.525 
100 6.246 257.3 3.948 1.375 
110 6.960 
120 7.649 
130 8.315 
140 8.951 
150 9.546 655.1 7.129 2.762 
160 10.10 
170 10.62 
180 11.10 
190 11.55 
200 11.97 1196.5 10.227 4.244 
210 12.35 
220 12.71 
230 13.04 
240 13.35 
250 13.64 1839.1 13.088 5.732 
260 13.90 
270 14.15 
280 14.38 
290 14.60 
300 14.80 2551.6 15.683 7.159 
298.16 14.76 2524.4 15.593 7.126 
+0.015 +3 +0.02 +0.01 








The heat content or enthalpy was calculated by 
numerical quadrature of the heat capacity versus the 
temperature, the entropy by numerical quadrature of 
the heat capacity versus the logarithm of the tempera- 
ture, and the free energy from the relation F=H—TS. 
The extrapolation below 10°K was made with a Debye 
function. The values of these thermodynamic functions 
at 50° intervals are given in Table II. The estimated 
probable error in each function is 0.2 percent at 50°K 
and 0.1 percent at temperatures above 50°K, but in 
order to make the table internally consistent, one more 
figure is given for some of the values than is justified by 
the experimental accuracy. 


DISCUSSION 


The heat capacities of thorium dioxide, uranium 
dioxide,'! and neptunium dioxide’ are presented graphi- 
cally in Fig. 2. As anticipated, thorium dioxide, unlike 
the other two dioxides, does not have an anomaly in its 
heat capacity. 

On the assumption that the lattice heat capacity of 
the actinide dioxides is equal to the heat capacity 
of thorium dioxide, the magnetic contributions to the 
heat capacities of uranium dioxide and of neptunium 
dioxide can be obtained by taking the difference be- 
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tween the thorium dioxide curve and the other curves in 
Fig. 2. The magnetic heat-capacity curves resemble 
those calculated for a cooperative transition from an 
ordered antiferromagnetic state at low temperatures to 
a disordered state at temperatures above the anomaly,’ 
except that they are appreciably different from zero at 
temperatures far above the anomaly. 

Similarly, the magnetic contributions to the entropies 
can be obtained by subtracting the entropy of thorium 
dioxide from the entropies of uranium dioxide! and of 
neptunium dioxide.” The results are shown in Fig. 3, 

It is of interest to compare these results with the 
magnetic entropies calculated on the basis of the spin- 
only and the free ion approximations and also to com- 
pare them with the magnetic susceptibility data. In 
uranium dioxide, with two unpaired electrons, the 
magnetic entropy at high temperatures is R In (2S+1) 
=R In 3=2.18 cal deg mole if the orbital contri- 
bution to the magnetic moment is completely quenched. 
On the other hand, the magnetic entropy of free U* 
ions at high temperatures is R In (27+1)=R In 5=3.20 
cal deg mole if the ground state is 6d? *F2, or R |n9 
= 4.37 cal deg mole if the ground state is 5f'6d' *H' 
or 5f?°H4. (Hund’s rules are assumed. The term symbols 
are given for LS coupling, but J in the ground state 
will be the same for 77 coupling as for LS coupling.) It 
can be seen from Fig. 3 that the magnetic entropy of 
uranium dioxide attains the spin-only value of R In 3 
at about 73°K and increases steadily with temperature. 
At 298.16°K it is 3.04 cal deg mole, corresponding 
to partial but not complete quenching of the orbital 
angular momentum. Extrapolation indicates that the 
magnetic entropy exceeds R In 5 above 370°K, and this 
may be an argument against the 6d? electronic con- 
figuration for the ground state. 

The effective magnetic moment of uranium dioxide 
derived from susceptibility measurements extending 
down to 80°K is 3.20 Bohr magnetons.*:* This magnetic 
moment is intermediate between the spin-only value 
(2.83 Bohr magnetons) and that for the free ions with 
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Fic. 2. Heat capacities of ThO2, UO2z, and NpOs. 


7R. Kikuchi, Phys. Rev. 81, 988 (1951). 
8 J. K. Dawson and M. W. Lister, J. Chem. Soc. 1950, 2181. 
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a 5f?®H, or 5f'6d'*H, ground state (3.58 Bohr magne- 








tons), and it is much larger than the magnetic moment 
for the free ions with a 6d? *F, ground state (1.63 Bohr 


 magnetons). Hence, the magnetic moment of uranium 


dioxide corresponds to a 5/? or 516d! configuration and 
partial quenching of the orbital angular momentum. 
However, Trzebiatowski and Selwood*® and Dawson® 
have found that in UQO.-ThOs: solid solutions the 
magnetic moment of U** approaches the spin-only 
value at infinite dilution. On the assumption that 
quenching would occur for 6d but not for 5f electrons, 
they concluded that the configuration in the ground 
state is 6d?. The magnetic entropy curve, on the other 
hand, seems to indicate that the configuration is 
5f'6d' or 5f? rather than 6d’. 

The only measurement of the magnetic suscepti- 
bility of uranium dioxide below 80°K is a single deter- 
mination by Trapnell and Selwood" at 20°K. It would 
be desirable to have further measurements to give 
the shape of the magnetic susceptibility curve in the 
region of the heat capacity anomaly (29°K), in order 
to determine whether uranium dioxide is antiferro- 
magnetic below 29°K, as suggested by Jones, Gordon, 
and Long.! 

In neptunium dioxide, with three unpaired electrons, 
the spin-only value for the magnetic entropy at high 
temperatures is R In 4=2.75 cal deg mole“, whereas 
the magnetic entropy of free Np*‘ ions at high tem- 
peratures is R In 10=4.58 cal deg mole“ if the ground 
state is 5f* 47g/2, and R In 4=2.75 cal deg mole™ if it 
is 6d? 4F'3,o. Other possible ground states for free Np** 
ions and the corresponding magnetic entropies at 
high temperatures are R In 12=4.94 cal deg’ mole“! 
for 5f26d! 4Ky12 and R In 8=4.13 cal deg'mole™ for 
5f6d? 4H. As shown in Fig. 3, the spin-only value of 
R In 4 is attained at 95°K, and at 298.16°K the mag- 
netic entropy of neptunium dioxide is 3.60 cal deg 
mole’, These results seem to indicate that there is 
partial quenching of the orbital angular momentum 
and that the configuration in the ground state is not 6d°. 

Susceptibility measurements have not been made on 
neptunium dioxide, but data on another quadrivalent 
neptunium compound, K NpF;, indicate partial quench- 
ing of the orbital angular momentum." 

It would be difficult to measure the low-temperature 
heat capacities and thus obtain the entropies of the 
other actinide dioxides, because the half-lives of the 





*J. K. Dawson, J. Chem. Soc. 1951, 2889. 
°B. M. W. Trapnell and P. W. Selwood, Nature 169, 840 (1952). 
"D. M. Gruen, dissertation, University of Chicago, 1951. 
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Fic. 3. Magnetic entropies of UOz and of NpOs, obtained 
by subtracting the entropy of ThO:z from the entropies of UO 
and of NpOx. 


available isotopes are too short. The rate of energy 
liberation by radioactive decay is so large that it would 
be difficult to achieve thermal equilibrium between the 
sample, calorimeter, and thermometer. For example, 
if the heat capacity of Pu*°O, is approximately the 
same as that of NpO», the radioactive decay would 
cause the temperature to rise more than 3 deg/min at 
30°K. Therefore, it is desirable to attempt to estimate 
the entropies of the other actinide dioxides. 

It will be noted that at 298.16°K the magnetic 
entropy of uranium dioxide exceeds the spin-only value 
for two unpaired electrons by 0.86 cal deg- mole, 
and the magnetic entropy of neptunium dioxide 
exceeds the spin-only value for three unpaired electrons 
by 0.85 cal deg! mole“. We assume that the difference 
between the magnetic entropy and the spin-only value 
is roughly constant for the isomorphous actinide 
dioxides, and accordingly estimate that the entropy of 
each actinide dioxide at 298.16°K is given approxi- 
mately by the entropy of thorium dioxide at this 
temperature (i.e., the lattice contribution) plus R In 
(2S+1) plus 0.86 cal deg mole. In this manner the 
following estimates were obtained for the entropies at 
298.16°K, in cal deg-' mole—!: PaO, 17.8; PuOs, 19.7; 
\mOz, 20.0; CmOz2, 20.3; BkOs, 20.6; and CfOs, 20.3. 
for completeness, the experimental entropies of ThOs, 
UO,', and NpO,? at 298.16°K are listed here also, in 
cal deg mole: ThOs, 15.59+-0.02; UOs, 18.630.1; 
and NpOs, 19.19-+0.1. 
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On Rates of Approach to Equilibrium 


S. H. BAvEr 


Department of Chemistry, Cornell University, Ithaca, New York 
(Received March 31, 1953) 


The limiting conditions on the applicability of an exponential decay law for the rate of approach to equi- 
librium of a system which is near but not at equilibrium are discussed. Attention is called to a solution which 
is more general; it consists of a superposition of exponentials, with a spectrum of relaxation times. 





NUMBER of interesting discussions have ap- 

peared in the literature! regarding the rate of 
approach to equilibrium of a chemical reaction which 
is near but not at that state. Using essentially a Tay- 
lor’s expansion for the free energy function in terms of 
the variables which characterize the system and neg- 
lecting all terms involving increments raised to a power 
higher than unity, one can show that the rate of return 
to equilibrium is directly proportional to the magnitude 
of the instantaneous free energy displacement from 
equilibrium : dAF/dt+ —kAF, and is independent of the 
detailed mechanism for the reaction. To my knowledge, 
the criterion for proximity and proof that mere 
proximity is a sufficient as well as necessary condition 
for this rate law to be valid for cases where the displace- 
ment from equilibrium is finite though small, have not 
been discussed. The question whether different types of 
perturbations with equal AF’s (or of other gauges for 
departure from equilibrium) are equivalent, merits 
careful discussion: for example, can one treat displace- 
ments from equilibrium due to a sudden injection of 
enthalpy in the same way as perturbations induced by 
sudden concentration changes? 

Manes ef al.? have indicated that the exponential law 
for approach to equilibrium is limited to reactions which 
can be represented by a single over-all equation. In this 
note I shall first point to the severity of this restriction; 
I shall then briefly discuss a case wherein the perturba- 
tion is induced by an injection of enthalpy, to demon- 
strate that the above law is not always valid, even when 
the displacement from equilibrium is as small as one 
chooses; and then I shall discuss some sufficiency con- 
ditions. 

(1) Consider the double equilibrium, 

ky’ ke! 
As 7 Bs 
ky ke 


°C, with (Ri, k;')> (Re, ky’). 





If a displacement from equilibrium is induced by a 
sudden injection of A, no matter how small in amount, it 
is obvious that the concentration of B will first rise 
and then fall to its final value. Further, the concentra- 
tion of A will first decline rapidly to one level, and then 
more slowly to its final level. Similarly, the approach 

1 Gilkerson, Jones, and Gallup, J. Chem. Phys. 20, 1182 (1952). 

2 Manes, Hoffer, and Weller, J. Chem. Phys. 18, 1355 (1950). 


Refer to these papers [1 and 2] for extensive references to pre- 
vious publications. 


to equilibrium will not follow a simple exponential 
decline if the system were ever so slightly perturbed by 
the injection of B. Only the sudden injection of a small 
amount of C will produce a displacement for which the 
free energy increment will follow a first-order decline. 
Hence the restricting condition? for the applicability of 
the simple rate law implies not only that the over-all 
(thermodynamic) reaction could be written as one 
equation, but also (kinetically), that either 

(a) the concentrations of all the metastable inter- 
mediates remain less than the sensitivity of the analyti- 
cal procedures available for their detection, and that 
the precision of the analytical methods for the stable 
reactants and products is so low that the maximum 
accumulation of intermediates is not detectable as a 
net deficiency, or (b) that the mean lifetime of the 
intermediates is shorter than the effective time constant 
of the analytical devices used. The criterion is opera- 
tional, but of temporal duration, depending as it does 
on developments in the art of analysis. One may safely 
predict that numerous systems which may be treated 
at present as “‘single over-all reactions” will have to be 
reconsidered in the future utilizing descriptions which 
involve more than one reaction. 

Since the rate of change of the free energy during ap- 
proach to equilibrium is in general some function of the 
magnitude of the free energy departure from equilib- 
rium, the principle of continuity of enthalpy and en- 
tropy assures us that this function is analytic. The 
formal reason for the failure of the exponential law lies, 
then, in neglecting all but the first term in the Taylor's 
expansion. In principle, one could allow for multi- 
valued variations with time (for instance, the concen- 
tration of B above) if the higher terms were included. 
This would necessitate that the rate be measured sufi- 
ciently precisely at and immediately adjacent the equi- 
librium point to permit evaluation of the higher de- 
rivatives. 

(2) Suppose the system 


As=2A, with (AH®/RT)>40 


in equilibrium, is suddenly perturbed by an instan- 
taneous compression. A sudden pressure rise will be 
noted due both to the decrease in volume and the simul- 
taneous rise in translational temperature, since work 
was injected adiabatically into the system. A rapid 
distribution of energy between translational and vibra- 
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ON RATES OF APPROACH TO EQUILIBRIUM 


tional modes will take place and a corresponding fall 
in total pressure will be observed. Final equilibrium will 
be reached relatively slowly, corresponding to the 
slower redistribution of energy among the chemical as 
well as thermal degrees of freedom. Hence a further 
slow fall in pressure will be noted. I wish to emphasize 
that the above pattern will be followed regardless of the 
magnitude of the initial perturbation. 

The departure from equilibrium is more serious in 
such instances. Indeed, only when equilibrium within 
groups of degrees of freedom is maintained, but dis- 
equilibrium exists between these groups (translational- 
vibrational-chemical) can one introduce local values for 
thermodynamic variables for the purpose of treating 
their equalization between the groups. 

Examination of the above two cases shows the trap 
into which the unwary may fall. Except for reactions 
which proceed “‘practically” according to a one-step 
mechanism, it is not only the magnitude of the perturba- 
tion but also the age of the system which control its be- 
havior with time. We have thus deduced a sufficiency 
condition. If one does not wish to consider the manner 
of displacement from equilibrium, he may apply the 
first-order rate law to old systems only, those in which 
the kinetics are controlled by the longest time constant; 
ie., after the perturbation he must wait for a time 
(Tmax. On the other hand, if he can brook no delay, 
he must restrict displacements from equilibrium to be 
induced by selected perturbations; i.e., those which are 
associated with the step in the mechanism which has the 
longest time constant. 

To arrive at a quantitative formulation of the above, 
consider a system near equilibrium, represented by the 
following sequence of steps which show its ultimate 
mechanism : ‘ 

ky h n—1 
[X,]s : *LX2]s alii 


1 n—1 


[Xn], 





where each bracket symbolically stands for the partici- 
pating reactants, which need not all be isolatable.’ Also, 
let the instantaneous departure of each unit from its 
equilibrium concentration (or temperature, or both) 
be designated by the collective symbol 1, x2: + -%n. Then 


xi= (Xi)— (X2)eq 
«;(0)=2;, is the given initial perturbation 
x0 at too. 


Since no metastable intermediates exist between ad- 
Jacent pairs, the previous arguments! are valid, and 
the rates of the individual transformations may be ap- 
proximated by first-order equations, when the departure 
from local equilibrium is not too great. To make the 
treatment sufficiently simple, we must assume that the 
driving force for reaction is proportional to the displace- 

> The argument may be readily generalized to include the possi- 
bility of mutual interconversion of all pairs of brackets. The solu- 
tion for the sequential case used as an example requires obtaining 
the roots of a determinant with only two nonvanishing diagonal 


Tows on each side of the main diagonal, whereas the general case 
leads to a determinant with no vanishing terms. 
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ment from ultimate equilibrium. Then we get m simul- 
taneous rate equations 


(pt hi)xi— hy'x2 =0 
—kyxyt (pthi’+ ke)x2— ho’ xs =0 (1) 
_—_ Ra—-1Xn-1+ (p+ k’ n—1) ag 0, 
where p=d/dt. 
The solutions‘ x;(¢) are sums of exponentials, 


n 
a()=> A,;e-?%*; i=1, YF ie 
7=1 


A;; may be either > or <0.5 (2) 


From inspection of this equation it is clear that in 
general x;,(¢) will reduce to a single exponential only 
when (Pmint)>1; ie. 4>7max; further, that the relaxa- 
tion times are related to the unimolecular rate constants 
but not in a simple manner, being the reciprocal of the 
roots of the determinantal equation. 

Two additional points of interest should be men- 
tioned. In closed systems one may select appro- 
priate definitions for measurement of the x,’s, such 
that the conservation laws may be simply expressed as 


n 

> «x; (t)=0. This additional restraint adds little to the 
i=1 

above arguments, except for the case i=2. Then the 
two roots must be equal. Further, for systems which are 
not closed, and in which perturbations are introduced 
continuously, rather than merely initially, the solution 
of the problem may be obtained by “folding” the ex- 
ponential solution (2) into the rate of injection of the 
perturbation, provided the effects are linear. 


4 The indicated procedure for treating chemical lag by means 
of a spectrum in a relaxation times has been used by J. G. Kirk- 
wood and Bryce Crawford, Jr. [J. Phys. Chem. 56, 1048 1952] in 
their formulation of the macroscopic equations of transport. 

5 The significance of the coefficients may be determined as 
follows: Let 

5g hep! Ph; 05, s-1 SE — R13 0s, 41 — Ry’. 
In this case, kn=0, and all other a;;=0. After substitution of the 
trial solution (2) into the linear equations, the set may be written 
in the form 


2 2D (Aijau—Aijpj)e-?#*=0, for all i. (a) 
I=1 j=1 
But this must be valid for any value of /, and hence independent 
of the index 7; i.e., 


¥ (Arjou)—Aijp;=0, for all ¢ and j. (b) 
l=1 


The determinantal condition for the existence of a nontrivial 
solution is 

|ain—Sirp;| =0, (c) 
the solution of which gives 1 roots, ~1---~;++-pn. These are the 
coefficients of the time variable in (2) and have the dimensions of 
a reciprocal time. Now, for each root there are m unknown A ;;’s, but 
there are also m equations, since (b) is valid for each z from 1 to n. 


2 Ai;(aiu—5p;)=0 for any selected 7’ (d) 
=] 


for i=1, 2, 3-+-n. 
Solution of the » sets of m simultaneous linear equations will give 
the coefficients Ai; to within ” constant factors. The latter are 
determined by the boundary conditions 


n 


x;(0)= ~ Ayj=x;°. (e) 


Again, since x;°(0) may be either positive or negative, so may the 
? 
aj S. 
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Correlation between Photoconductance and 
Ultraviolet Spectrum of Anthracene Crystals 
D. J. CARSWELL 


Physical Chemistry Department, University of Sydney, Sydney, Australia 
(Received August 10, 1953) 


AYLISS'! has discussed the known? photoconductance effect 

of anthracene. A correlation between the threshold of the 

photoconductance, the optical absorption, and thermal excitation 

energy has been shown’ to hold for violanthrone, isoviolanthrone, 
and pyranthrone. 

We now report that for single anthracene crystals the plot of 
the photocurrent against the frequency of incident light repro- 
duces closely the optical spectrum‘ of the crystal, as can be seen 
from Fig. 1. No extinction coefficients are reported for the second 
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Fic. 1. (1) Solution spectrum; (2) crystal spectrum; 
(3) photoelectric current. 


absorption band system of the crystal, and so the solution spec- 
trum® of anthracene is also shown. The photocurrents were ob- 
served with very nearly monochromatic light and varied with the 
angle between its vibration direction and the crystal axes. The 
characteristic? buildup and decay of the photocurrent with time 
was observed, the current-potential relation was found to be ohmic 
up to a limiting potential, and the current was proportional to the 
light intensity. Experimental detail and theoretical discussion will 
be published shortly. I am indebted to the Vacuum Oil Company 
for a scholarship and wish to thank Dr. T. Iredale and Dr. L. E. 
Lyons for their interest in the work. 


1N. S. Bayliss, Rev. Pure Appl. Chem. 1, 64 (1951). 

2A. T. Vartanyan, Doklady Akad. Nauk. S.S.S.R. 71, 631 (1950). 

3H. Akamatu and H. Inokuchi, J. Chem. Phys. 20, 1481 (1952). 

4G. Kortum and B. Finckh, Z. physik. Chem. B52, 263 (1942). 

5“Catalog of Ultraviolet Spectrograms,” A.P.I. Project, 44 National 
Bureau of Standards, No. 170. 


VOLUME 21, NUMBER 10 OCTOBER, 1953 


Mass Spectrum of Gallium Vapor 
STEPHEN ANTKIW AND VERNON H. DIBELER 


National Bureau of Standards, Washington 25, D. C. 
(Received August 10, 1953) 


ASS spectrometric studies of the vapors of carbon! and 
other Group IV elements* have revealed relatively high 
concentrations of polyatomic molecules in addition to the mona- 
tomic species. Thus previous calculations of vapor pressure and 
heats of vaporization based on the assumption of monatomic 
vapors must be corrected for some of these elements. 

Computations of the vapor pressure of gallium, made by 
assuming a monatomic vapor,‘> prompted us to investigate the 
mass spectrum of this element. The experiment was also con- 
sidered particularly suitable for testing a recently developed high- 
temperature furnace for a mass spectrometer ion source. 

Mass spectra were obtained with a Consolidated 21-102 mass 
spectrometer. The ion-source furnace, developed for the thermal 
decomposition of organic and semiorganic molecules introduced 
in the vapor phase, consisted of a quartz tube with an inside 
diameter of 1 mm wound with a bifilar tungsten heater. A ni- 
chrome radiation shield enclosing the tube and heater had thesame 
dimensions as the original ion-repeller assembly of the ion source, 
which it was designed to replace. Thus vapors entered the ioniza- 
tion chamber from the end of the furnace at a point approximately 
one millimeter above the electron beam. A platinum, platinum. 
rhodium thermocouple was used to obtain a curve of temperature 
versus heater current to a maximum temperature of 1025°C. In 
order to prevent possible reaction of the gallium with platinum, 
the thermocouple was removed before introducing the sample. 

Gallium metal, obtained from the Eagle-Picher Company 
through Mr. B. F. Scribner, was of high purity, containing less 
than 25 ppm total impurities. These were principally lead, copper, 
manganese, and aluminum. The sample was melted by holding the 
container in the hands, and about 10 mg was drawn into a pre- 
viously flamed quartz capillary tube. This tube was placed inside 
the furnace and the mass spectrometer was assembled and 
evacuated. Raising the temperature of the furnace to about 750°C 
permitted satisfactory outgasing of the furnace assemply and ion 
source without evaporating detectable amounts of gallium. The 
sample was further heated several hours at 1000°C before the 
results reported here were obtained. 

Mass spectra and isotope ratios were obtained by using con- 
ventional procedures at a number of equilibrium temperatures 
in the range 865 to 1025°C. Ion currents of about 3X 10-” amp 
were obtained for the Gat ion at the highest temperature. The 
very simple spectra showed only the ions Gat, Ga,O*, and Gay 
with relative total isotopic abundances of 100:10:1, respectively, 
varying only slightly with temperature. The GasO*t/Gaz2* ratio 
was essentially constant giving some evidence that the diatomic 
ions might be fragment ions of the oxide rather than molecule 
ions. However, by assuming comparable ionization cross sections, 
upper limits of one percent for the diatomic molecule and 0.1 
percent for triatomic and higher species are estimated for the 
composition of the vapor. It seems certain therefore that the 
previous assumption of monatomic gallium vapor is entirely 
justified. 

The observation of Ga,O* ions is of particular interest. Although 
Speiser and Johnston reported no evidence of reaction betwee! 
gallium and quartz, visual examination of the sample remaining 
in the capillary at the end of our experiments showed appreciable 
areas of the metal-quartz interface apparently separated by a 
oxide film. As the existence of univalent gallium seems doubtful; 
the presence of Ga,O* suggests an ion fragment of the sesqu 
oxide, Ga2O3. However, there is no other evidence of this molecule 
although the mass spectrum is unknown and the molecule io 
may be unstable. These points deserve further investigation. 

A series of isotopic measurements was also made of the Ga* io 
at three temperatures; viz., 865, 935, and 1025°C. The Ga®/ Ga" 
ratios were 1.51, 1.53, and 1.53, respectively, with approximately 
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one percent deviation from the mean of at least nine determina- 
tions at each temperature. The ratio 1.53 corresponds to the 
isotopic abundances of Ga®=60.5 and Ga” =39.5. These are 
considered in good agreement with the values reported by In- 
ghram’ from measurements made on thermionic Ga* ions from 
the oxide. 

We wish to acknowledge our indebtedness to Mr. William B. 
Haliday for construction of the furnace and to Dr. Fred L. Mohler 
for many helpful discussions. 

1W. A. Chupka and M. G. Inghram, J. Chem. Phys. 21, 371 (1953). 

2 > E. Honig, Bull. Am. Phys. Soc. 28, No. 3, 41 (1953). 

. E. Honig, J. Chem. Phys. 21, 573 (1953). 

iP Harteck, Z. Physik. Chem. 134, 1 (1928). 

5R. Speiser and H. L. Johnston, J. "Am. Chem. Soc. 75, 1469 (1953). 

®N. V. Sidgwick, The ea Elements and Their Compounds (Claren- 


don Press, Oxford, 1950), Vol. I 480. 
7Inghram, Hess, Brown, and (ot ll Phys. Rev. 74, 343 (1948). 





Hindered Molecular Rotation in Liquid Crystals* 
R. D. SPENCE, Michigan State College, East Lansing, Michigan 
AND 


H. S. Gutowsky AND C. H. Hoitm, Noyes Chemical Laboratory, 
Urbana, Illinois 


(Received July 24, 1953) 


HE proton magnetic resonance absorption in the liquid 

crystal phase of para-azoxyanisole was reported earlier.! 
At 7300 gauss the resonance had three components with intensities 
of 2:3:2, and the outer peaks were separated by 3.3 gauss. We 
have since plotted? the line shapes at 6365 and 4175 gauss. The 
results at the three fields agree within an experimental error of 
+2 percent, so the line structure cannot arise from a field de- 
pendent interaction. We propose that the line structure is pro- 
duced by the net nuclear magnetic dipolar fields associated with 
restriction of the molecules in the liquid crystal phase to rotation 
about their long axis. 

A scale drawing of para-azoxyanisole is shown in Fig. 1. The 
molecule is long and thin; on steric grounds the benzene groups 
can reorient about the C—N bonds (rotate about a) much more 
easily than the molecule can turn about any other axis. In addi- 
tion, the CH; groups are certainly in motion about the C—O 
bonds* (rotating about 8). The liquid crystal phase is anisotropic, 
presumably with ordered micro = regions where the long molecules 
are stacked up side by side. The observed line should be a com- 
posite of the absorption from protons in the CH; groups and 
protons attached to the benzene rings, with the absorption of each 
set determined by its structure and motions. 

There are three protons in CH; groups to four on the benzene, 
with relative absorptions of 3/7 and 4/7. In a crystal powder the 
second moment, AH,?, for a rigid methyl group is 21.7 gauss?; 
rotation about 8 reduces this by a factor of 1/4 and rotation about 
a by 1/10 giving 0.5 gauss? for the composite motions.‘ Rotation 
about a reduces only® the intermolecular broadening of the protons 
on the benzene; these protons occur in pairs separated by 2.45A 
and their second moment is 1.65 gauss?. The net second moment 
predicted for the sample is 


AH.?= (3/7(0.5) + (4/7) (1.65) = 1.16 gauss?. 
The value observed at 132°C is 1.07 gauss?. 


Fic. 1. Scale model for para-azoxyanisole. 
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The proton pairs on the benzene ring should give a doublet 
line? with a separation of 3ur-, i.e., 2.9 gauss, where yu is the proton 
magnetic moment and r is the proton-proton distance, 2.45A. The 
small value of AH? calculated for the CH; group protons indicates 
a single line less than a gauss wide. Combining these, a triplet 
line is predicted, with relative intensities of 2:3:2, and a separa- 
tion between outer peaks of 2.9 gauss. The observed separation 
ranges from 3.9 gauss at 117°C, the transition point, to 2.25 
gauss at 135°C, the clear point. 

The agreement between theory and experiment is well within 
the uncertainties introduced by intermolecular line broadening 
and low-frequency thermal motions other than the main ones 
postulated. A further complication arises from the diamagnetic 
anisotropy of the molecule which tends to align the long axis 
parallel to an external magnetic field. The analysis given above 
assumes a random crystal powder. For oriented molecules, the 
doublet line separation would be 2.9 (3 cos*@—1) gauss. Partially 
effective orientation, decreasing with increasing temperature, 
would help account for the wide range of line separation observed 
in the liquid crystal phase. 

The derivative of the absorption in the solid at room tempera- 
ture is a broad line with a width, 6H, of 6.3 gauss, and a narrow 
central spike. The second moment is 5.3 gauss? which agrees 
fairly well with the 3.3 gauss? predicted for a rigid molecule with 
rotating CH; groups, allowing for increased intermolecular 
broadening in the solid phase. The narrow spike is probably the 
central component of the triplet line from the rotating CH; 
groups with the other structure washed out, by intermolecular 
broadening and superposition of the different line shapes. 

It appears that analyses similar to the above will explain the 
more complex experimental findings in liquid crystals of other 
materials.® 

We wish to thank Dr. L. H. Meyer for several interesting dis- 
cussions of this research and for his assistance with the measure- 
ments at 6365 gauss. 

* Supported in part by the U. S. Office of Naval Research. 


1 Spence, Moses, and Jain, J. Chem. Phys. 21, 380 (1953). 
2 Gutowsky, Meyer, and McClure, Rev. Sci. Instr. 24, 1953 (to be 
—. 

. S. Gutowsky and G. Pake, J. Chem. Phys. 18, 162 (1950); line 
osaie changes associated of rotation of CHs groups are ordinarily ob- 
serv ed a temperatures below —150° 

si" . Powles and H. S. Gutowsky, J. Chem. Phys. 21 (to be published, 
1953). 
5 Jain, Moses, Lee, and Spence, Bull. Am. Phys. Soc. 28, No. 4, 8 (1953). 





Polarized Infrared Spectrum of KAu(CN),.* 


LLEWELLYN H. JONES 


Los Alamos — Laboratory, Univeristy of California, 
Los Alamos, New Mexico 


(Received July 1, 1953) 


STRUCTURAL examination of inorganic complex cyanides, 

using polarized infrared spectra, is in progress. The mono- 
valent gold-potassium-cyanide system is the simplest, as only one 
complex is formed. The purpose of this letter is to present some 
results on the structure of potassium gold dicyanide. 

A crystallographic! and an x-ray? examination of KAu(CN), 
shows that it crystallizes in the rhombohedral system and suggests 
an arrangement of linear groups parallel to the C-axis. 

A single crystal of KAu(CN)2 was mounted at the focus of a 
reflecting microscope consisting of two American Optical Company 
reflecting objectives. The crystal was about 300 microns long 
(along the C-axis), 150 microns wide, and 50 microns thick. 

The incident light was polarized by a standard Perkin-Elmer 
polarizer consisting of 6 thin silver chloride plates inclined at the 
polarizing angle. The plane of polarization was changed by 
rotating the polarizer while the sample remained fixed. 

The results are illustrated in Fig. 1. In the region 400 cm™ to 
4000 cm™, there are two strong infrared absorption bands, at 
427 cm™! and 2140 cm“, both polarized along the C-axis. The 
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band at 2140cm™ undoubtedly arises from the asymmetric 
carbon-nitrogen stretching vibration, v3. 

This shows that the linear N—C—Au—C—N groups do indeed 
lie along the C-axis. The results also show that the band at 427 
cm~ arises from the other asymmetric stretching vibration, v4, 
which is polarized in the same direction as v3, while the bending 
vibrations are polarized perpendicular to the linear group. v4 is 
essentially an asymmetric vibration of the gold atom against the 
two cyanide groups. 

The small absorption peak at 2100 cm™ arises from NC®- 
AuC2N, as determined by the spectrum of KAu(CN)2 enriched 
in C8, A valence force calculation yields 2091 cm™ as v3 for the 
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Fic. 1. Polarized infrared spectrum of a single crystal of KAu(CN):. 
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C”—C% isotopic species, based on 2140 cm™ for the C2~cx 
species. Similarly, the weak peak at about 2117 cm™ probably 
arises from N'*CAuCN" (a simple valence force calculation yields 
about 2112 cm™"). The intensities cannot be compared, as the 
sample was of varying thickness and was not perfectly masked. 

From the frequencies of v3 and v4, a simple valence force treat- 
ment yields force constants of 2.30 10° dynes/cm for the Au—C 
bond and 16.78X10° dynes/cm for the C—N bond. However, 
these values cannot be considered as reliable, as the interaction 
constants may be considerable. More reliable values will be ob- 
tained from a complete analysis of the combination bands of 
KAu(CN)2 and the C?—C* and C¥—C' species. 

* This work was sponsored by the U. S. Atomic Energy Commission, 


1 Unpublished work by E. Staritzky of this Laboratory. 
2 Unpublished work by F. H. Ellinger of this Laboratory. 





The Refractive Index Correction in 
Light-Scattering Measurements 
D. J. MEIER 


Shell Development Company, Emeryville, California 
(Received August 3, 1953) 


ARIOUS correction factors have been described in the 
literature to account for the refractive effects produced by 
liquids of different refractive indices in light-scattering measure- 
ments. Most of the formulas have been derived by assuming the 
scattering volume to be a point source, which leads to correction 
factors proportional to n? for rectangular cells, to for cylindrical 
cells and unity for spherical cells.1 Hermans and Levinson,? by 
considering the finite extension of the scattering volume, have 
derived equations which show the correction factor to be propor- 
tional to n?, irrespective of the shape of the cell, provided that the 
photometer does not see past the edges of the beam. However, 
the experimental evidence presented by the authors only demon- 
strates the geometrical variables in their equation relating to slit 
widths and spacing to be correct. It is important to know the 
correction factor exactly for the various cell shapes, since it may 
readily amount to a 30 percent correction in the measurement of 
absolute turbidities or in comparing solvents, as for example, 
when a liquid of known scattering power is used to calibrate a 
light-scattering instrument for use with other solvents. Con- 
sequently, we believe that it will be of interest to present our re- 
sults, which determine experimentally the correction factor. 

Relative scattering in rectangular and conical cells was deter- 
mined for several liquids having widely different refractive indices. 
Considering the geometry of our light-scattering instrument, every 
formula for the correction factor for rectangular cells agrees that 
it is proportional to n? (the “volume correction” discussed by 
Carr and Zimm! was negligible in these experiments). Thus, after 
multiplying the observed intensities of the scattered light by n’,a 
figure is obtained which is proportional to the absolute scattering 
power of the liquid. By suitably normalizing these figures and 
comparing them with the normalized results obtained with conical 
cells after applying correction factors of unity, m and n?, it should 
be possible to make an unequivocal choice of the refractive index 
correction for conical cells and thence to determine the correction 
for cylindrical and spherical cells. 

The following data were obtained in a light-scattering instrv- 
ment similar to that described by Zimm.* The rectangular cells 
were 25X25X30 mm, with optically-polished faces. The conical 
cells were hand-blown in the shape of an ellipsoid of revolution 
with a volume of approximately 6 ml. Measurements with the 
conical cells were conducted with the cells immersed in an outel 
bath of hexadecane. 

The various liquids were purified by distillation, followed by 
filtration through Seitz filter pads which had been impregnated 
with an EPON resin and baked. It was found that better results 
were obtained with water if the EPON-impregnated filter pad 
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TABLE I. Relative scattering of liquids. T =25°C. 
Unpolarized incident light, \ =5780A. 








Conical cell 


? Rectangular cell 
Liquid i90 Xn? 190 isoXn = 90 Kn? 





Benzene 1.00 1.00 1.00 1.00 
1-Methylnaph- 4.39 3.79 4.08 4.39 


thalene 
0.350 0.371 0.361 0.351 


Carbon tetra- 
chloride 
0.390 0.418 0.401 0.383 
0.282 0.331 0.308 0.287 


Hexadecane 
0.117 0.104 0.0925 


Methyl isobutyl 
ketone 
0.219 0.194 0.172 


0.089 


Water 
Methyl alcohol 0.170 








was also made hydrophobic by application of a silicone resin.‘ 
That the samples were free of dust was shown by the absence of 
dissymmetry with the conical cells and by visual inspection at 
low scattering angles with the rectangular cells. 

Table I presents the experimental results for the rectangular and 
conical cells, in each case normalized to those of benzene. By 
comparing the data given in Table I for the rectangular cells with 
those for the conical cells and assuming corrections of unity, n 
and n?, it is seen that the v? correction is correct for the conical 
cells. The average deviation between the results with the rec- 
tangular cells and the conical cells with the ? correction is 
slightly over 1 percent while the average deviation with the n 
correction is over 8 percent, and correspondingly greater for the 
unity correction. The conclusions of Hermans and Levinson are 
thus quite satisfactorily verified. 

Values for the relative scattering of carbon tetrachloride and 


. benzene agree very well with those obtained by Carr and Zimm.! 


For 30°C and 5461A light, they found the ratio of scattering to be 
0.348, as compared to our value of 0.350 at 25° and 5780A light. 


1C. I. Carr, Jr., and B. H. Zimm, J. Chem. Phys. 18, 1616 (1950). 
?J. J. Hermans and S. Levinson, J. Opt. Soc. Am. 41, 460 (1951). 
+B. H. Zimm, J. Chem. Phys. 16, 1099 (1948). 

‘General Electric Silicone Resin SR-53. 





Does Carbon Utilize 3d Orbitals in Bonding? 


H. H. JArr&é 


Venereal Disease Experimental Laboratory, U. S. Public Health Service 
School of Public Health, University of North Carolina, 
Chapel Hill, North Carolina 


(Received May 25, 1953) 


 eaegeiogy has recently proposed that carbon (and nitrogen) 
\¥ may use 3d orbitals for bonding in several types of com- 
binations: in the transition states of Walden inversion-type 
reactions, in electron deficient compounds, and in the transition 
states in carbonium-ion rearrangements.! He has attempted to 
tstimate the promotion energy required to reach these orbitals, 
and by comparison with sulfur and phosphorus concluded that the 
energy is not prohibitive. However, the comparison does not 
appear valid. In the compounds of phosphorus and sulfur con- 
sidered, one and two of the 3sp electrons, respectively, are com- 
pletely transferred to atoms bonded to the central atom, leaving 
this atom with substantial affinity for 3d electrons. This affinity is 
further enhanced by the electronegativity of the elements bonded 
to the central atom.? In the carbon compounds considered by 
Gillespie no transfer of entire electrons occurs; they are further, 
in general, bonded only to one or two strongly electronegative 
gtoups; finally these bonds are either very weak bonds or half- 
onds. Hence the central carbon atoms can hardly have a large 
amount of electron affinity. Accordingly Gillespie’s arguments 
concerning the promotion energy are not convincing. 

After discussing the promotion energy, Gillespie has constructed 
Various spd hybrid orbitals, and concluded that they overlap very 
efficiently with the orbitals of the atoms bonded to the carbon 
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atom.! This conclusion is based on a consideration of the angular 
dependence of the sfd hybrid orbitals. Unfortunately, however, no 
overlap integrals were available to evaluate the extent of this 
overlap quantitatively. The relevant overlap integrals have 
recently been evaluated in this laboratory.’ If Slater’s formula‘ 
for the effective nuclear charges (Zers) is accepted, the overlap 
integrals of the 3d orbitals of the neutral carbon atom with any 
other orbital vanish, since Zers is 0, and r=1. Although Slater’s 
formula probably underestimates the penetration of d orbitals, no 
reasonable values for the effective nuclear charges would lead 
to appreciable overlap integrals.® Therefore, the promotion energy 
cannot be balanced by binding energy, and it must be concluded 
that the 3d orbitals cannot be of importance in bonding by carbon 
(and nitrogen). An alternative interpretation of the transition 
state of the Walden inversion-type reactions and of bonding in 
electron deficient compounds and the carbonium ion rearrange- 
ment transition states will be proposed in later papers. 


1R, J. Gillespie, J. Chem. Soc. 1952, 1002. 

2 Moffitt’s evaluation of the promotion energy for sulfur shows the im- 
portance of the electron affinity. See Moffitt, Proc. Roy. Soc. (London) 
A200, 409 (1950). 

3H. H. Jaffé and G. O. Doak, J. Chem. Phys. 21, 196 (1953). 

4J. C. Slater, Phys. Rev. 36, 57 (1930). 

5In a reply to this note, Gillespie [J. Chem. Phys. 21, 1893 (1953)] 
states that the extremely small overlap integrals can probably be traced 
to inaccuracies in Slater's formula. Although this formula undoubtedly is a 
crude approximation, it is doubtful that overlap integrals calculated from 
better orbitals would be much larger. Gillespie quotes unpublished work 
by Craig, Maccoll, Nyholm, Orgel, and Sutton on PCls as evidence that 
difficulties with Slater’s rules are encountered in the presumably similar 
situation, which also involves an expansion of the valence shell. Although 
the present author has not seen the work of these authors, he has experi- 
enced no difficulties with Slater’s rules in compounds of phosphorus, pro- 
vided corrections were made for the ionic character of the bonds. (Jaffé, 
unpublished results). For the d orbital in Gillespie’s hybrid orbital, y’’, 
Zett =}, » =0.167; for the carbonium ion transition state 7 ~0.821, p~2.7, 
S~—0.04, 





The Use of 3d Orbitals in Bonding by Carbon 


R. J. GILLESPIE 


William Ramsay and Ralph Forster Laboratories, 
University College, London, W. C. 1., England 


(Received June 15, 1953) 


ILLESPIE showed recently! by comparison with the cases 
of phosphorus and sulfur that the promotion energy in- 
volved in the use of 3d orbitals by the carbon atom was not pro- 
hibitively large. Jaffé? has objected that this comparison is not 
valid since expansion of the valénce shell only occurs in phosphorus 
and sulfur in compounds with strongly electronegative elements.* 
This was in fact pointed out by Gillespie,! who suggested that 
carbon may be expected to utilize its 3d orbital only under 
similar circumstances. Thus in the transition state of a bimoiec- 
ular substitution reaction the bonds in which a d orbital was 
supposed to be involved were those to the entering and leaving 
groups, both of which are in general electronegative groups such 
as OH, Cl, or F. In the carbonium ion rearrangements that were 
also considered the migrating methyl group is bound to two 
carbon atoms, each of which carries a formal +4 charge and 
which may therefore be regarded as strongly electronegative and 
capable of stabilizing a 3d orbital on the carbon atom of the 
migrating methyl] group. 


CH 


R H 
\ il 


c—__——c 


ri \ 
R’+4 +3H 


A similar situation occurs in the electron deficient compounds 
such as Alz(CHs)¢ in which it was pointed out! that the aluminium 
atoms may be regarded as being strongly electronegative in the 
direction of their unfilled sf* orbitals. 

Jafié has also stated? that for the 3d orbitals of carbon, Slater’s 
rules‘ give the effective nuclear charge as zero and therefore all 
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overlap integrals involving the carbon 3d orbitals must vanish. 
The Slater effective nuclear charge is, however, only zero for the 
negative carbon atom C~ appropriate to the bimolecular substitu- 
tion transition state. In the carbonium-ion rearrangement transition 
state and metal alkyl compounds the carbon atom that is being con- 
sidered is neutral, and for this case Slater’s rules give Zetr=1. 
In any case it must be emphasized that Slater’s rules are only 
approximate. It has been shown recently’ that they may be 
particularly inaccurate in rather similar cases to those under 
consideration, such as, for example, the 3d orbitals of the phos- 
phorus atom in PCI;, for which it appears that the value of Zest 
given by Slater’s rules is appreciably too small. The estimation 
of a reasonable value for the effective nuclear charge in the type 
of compound we are considering is a matter of some difficulty 
(this will be further discussed in a later paper) but there seems to 
be little justification at present for concluding that overlap in- 
tegrals involving carbon 3d orbitals are necessarily inappreciable, 
and that therefore the carbon atom cannot utilize 3d orbitals for 
bond formation. 

1R. J. Gillespie, J. Chem. Soc. 1952, 1002. 

2H. H. Jaffé, J. Chem. Phys. 21, 1893 (1953). 

8 Jaffé’s further objection that in the compounds of phosphorus and 
sulfur so far considered there is a complete transfer of one or two electrons 
from the phosphorus or sulfur atom to the attached atoms, whereas this 
does not occur in carbon compounds, is not sound. It may be assumed that 
a transfer of one or two electrons occurs in these compounds of phosphorus 
and sulfur, and their structures may then be described in terms of sp-hybrid 
orbitals and ionic-covalent resonance without involving the use of 3d 
orbitals at all. If, however, spd hybrid orbitals are used in the description 
of these structures than all the valency electrons of phosphorus and sulfur 
must be regarded as being involved in covalent bonding and none of them 


can “4 considered to have been completely transferred to the attached 
atom 

ra cS}. Slater, Phys. Rev. 36, 57 (1930). 

5 Craig, Maccoll, Nyholm, Orgel, and Sutton, J. Chem. Soc. 
published). 


(to be 





Moderation of Hot Methyl Radicals in Photolysis 
of Methyl Iodide* 


FRANK P. Hupson, RUSSELL R. WILLIAMS, JR., AND WILLIAM H. HAMILL 
Department of Chemistry, University of Notre Dame, Notre Dame, Indiana 
(Received August 13, 1953) 


HE study of the photolysis of methyl iodide vapor by 
Schultz and Taylor! was interpreted to show that methane 
production is by a hot radical mechanism. Since the energy of a 
light quantum of 2537A is approximately 50-60 kcal greater 
than the C—I bond strength in methyl iodide and the masses of 
the radical and atom are so different, the methyl radical produced 
in the primary process must have most of this excess energy, 
largely as kinetic energy. Production of methane in this system 
is proposed to occur mainly in early, hot collisions of the energetic 
methyl radicals with methyl iodide. Two important consequences 
of this mechanism are a temperature-independent rate of methane 
production, found by Schultz and Taylor and moderation of the 
rate of methane production by inert gases added, shown quali- 
tatively for carbon dioxide by Schultz and Taylor. However, it 
is possible that this substance might exert a specific chemical 
effect other than moderation. We have shown? that an analogous 
mechanism may be applied to the photolysis of hydrogen iodide 
and have also investigated methyl]-iodide photolysis to test further 
and to develop the hot radical hypothesis. We have photolyzed 
methyl iodide with light from a Hanovia SC2537 lamp, filtered 
through Corning 7910 glass. Noncondensable products have been 
analyzed with a Consolidated 21-103A mass spectrometer. At 
constant light absorption, we find the rate of methane production 
to be experimentally independent of temperature over the range 
25-100°C in pure methyl] iodide and in methyl] iodide plus neon 
at a pressure six times that of the methyl iodide. 
We have examined the effect of moderating gases on the rate 
of methane production in methyl iodide at constant partial pres- 
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Fic. 1. Rate of methane production in the presence of added inert gases 

(M). Legend: open circle, neon; triangle, argon; square, helium; crossed 

open circle, carbon dioxide (all in 7910 glass) ; crossed closed circle, carbon 
dioxide in quartz. 





sure of 100 mm Hg, as shown in Fig. 1. Here we find a regular 
decrease in the rate of product formation with decreasing ratio 
of methyl iodide to moderator. In all cases, it appears that the 
rate approaches zero at infinite dilution by moderator. We also 
note that, if fused silica is used instead of Corning 7910 glass 
(which cuts off at approximately 2200A), carbon dioxide is not 
as effective as a moderator. This may be because of formation of 
still more energetic radicals by absorption of the 1849A mercury 
line of the resonance lamp. 

We believe that the comparable effects of the various modera- 
tors rules out the possibility of a specific chemical effect and 
strengthens the hot radical hypothesis. Analysis of other products 
of this reaction and of reaction of hot methyl radicals with various 
substrates will be reported later. 

* Taken from the Ph.D thesis of Frank P. Hudson. Work supported in 
at by U.S. Atomic ce Commission under contract At (11-1)-38. 


. D. Schultz and H. A. Taylor, J. Chem. Phys. 18, 194 (1950). 
rt tn Williams, and Hamill, J. Am. Chem. Soc. 74, 6007 (1952). 





Crystal Structure of Silanols and their 
Infrared Spectra 


Masao Kaxkupo, P. NOBUTAMI KASAI, AND TAKEO WATASE 


Department of Applied Chemistry, Faculty of Engineering, 
Osaka University, Osaka, Japan 


(Received July 22, 1953) 


RYSTAL structures of diethylsilanediol' and diphenylsi- 
lanediol? have been previously reported. We have now added 
diallylsilanediol (CsHs)2Si(OH)2,3 bis-(dimethylhydroxysily]) me- 
thane OH(CH:;)2SiCH.Si(CH;),0H,* and _ tetramethyldisilox- 


anediol-1,3 OH(CHs;)2SiOSi(CH;)2OH in our study on crystal | 


analysis. Their crystallographic data are given in Table I. The 
molecular arrangement of diallylsilanediol is similar to diethyls- 
lanediol, while the diols having OH groups at both ends of their 
molecules such as OH(CH;)SiCH2Si(CH;)2OH form a chain 


TABLE I, 


_ 








(OH (CHs) 2Si)2CH: 
1.078 (20°C) 
Orthorhombic 
Needle 


a =14.50 kX. 
6=11.31 
c= 6.14 


(C3H7)2Si(OH)2 (OH(CHa)2Si)20 


1.105 (10°C) 1.118(16°C) 


Monoclinic Monoclinic 

Flat prismatic Needle 

Unit a=14, “i kX. a =21.28 kX. 
b= 4.9 b= 5. =: 

cell c=13. 37 c= 8.4 

B =114°30’ n111°00 

C25 —P2:/a Cor5 —P2:/a 





Density 
System 


Space group Dx —P212121 
Moles in a 


unit cell 4 4 4 
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Type 2 


R OH HR 
a 
R—Si—O—Si—R. 


Fs \ 
R R 
Type 3 


structure against the layer structure in the case of alkylsilanediols. 
However, it may be said that all these silanols take a similar 
structure from the viewpoint that the molecular chains linearly 
joined by two OH groups of each molecule are gathered side by 
side and parallel to an axis according to their own lateral interac- 
tions. As regards these strong hydroxy] associations, the relation 
between the arrangement of OH groups and the infrared absorp- 
tion spectra of diethylsilanediol has been examined.* The nearest 
0H---OH distances in diethylsilanediol are 2.56 and 2.64A, and 
the others are longer than 3.5A. 

On the basis of these inter-hydroxy] distances, it is proposed 
that the formula for the hydrogen bondings is of types 1 or 2.° 
The infrared absorption spectra of the O—H bond were shown 
in Fig. 1. Curve 1 shows only a broad band with a maximum at 
3.lu, while the absorption maximum expected from the relation 
between O—HO distances and shifts of O—H stretching fre- 
quency reported by Kuhn‘ and Lord,’ must be at 4.1 in the case 
of diethylsilanediol. 

This indicated that the type 2, which has the same numbers 
intra- and inter-molecular hydrogen bond with different O—H 
stretching frequency, cannot exist in crystal. The O—H stretching 
vibration in Si—OH of afwillite, in which there are both a hy- 
drogen bond and a nearly free O—H bond, was observed at 3.03, 
295, and 3.3~4.0u by Megaw.® 

From these facts, it is reasonable to suppose that the molecular 
chain in crystalline silanol is formed by hydroxy! association as 
shown by type 1, in which there is only a kind of O—H bond. In 
its dilute solution, the free O—H vibration at 2.72, and 2.77 
appears, and these figures are similar to those for the absorption 
of an orgainc alcohol solution. This shows that the molecules of 
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Fi. 1, Absorption spectra of (C2Hs5)2Si(OH)2: (1) “ee, in Nujol mull; 
(2) 0.01 M/L; in CCla; (3) 0.001 M/L, in CCl. 
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silanol in solution are not associated with each other in the way of 
type 3 expressing the pentavalent coordination of the silicon atom, 
but are linked by a hydrogen bond of type 1 or 2, as predicted in 
the case of tri-ethylsilanol solution by Grubb and Osthoff.’ It can 
be considered as a property of the hydroxyl group in silanols, 
which may throw light on the study of their physico-chemical 
behavior. 

A more detailed study on the hydroxy] bond in various types of 
crystalline silanols such as tetramethyldisiloxanediol-1,3 etc. has 
now been progressing. 

We wish to offer our sincere thanks to Dr. W. L. Roth and his 
co-workers who kindly sent us their recent papers about silanols, 
and encouraged us. 

We are grateful for the kindness of Mr. T. Kanzawa and Mr. 
T. Okawa in the taking of the infrared absorption spectra. 

'M. Kakudo and T. Watase, Technol. Repts. Osaka Univ. 2, 50 (1952). 

? Eatase, Kakudo, and Kasai, Ann. Repts. Textile Research Inst. Osaka 
Univ. 6, 38 (1952). 

3K. Hashitani and R. Okawara, Bull. Chem. Soc. Japan 26, 279 (1953). 

4M. Kakudo and T. Watase, Ann. Repts. Textile Research Inst. Osaka 
Univ. 7 (1953). 

* The infrared spectra were taken by the Perkin-Elmer Recording 
Spectrometer at the Osaka City University and the Laboratory of the 
Takeda Pharmaceutical Industry Company & Ltd. 

5M. Kakudo and T. Watase, J. Chem. Phys. =. 167 (1953). 

6L. P. Kuhn, J. Am. Chem. Soc. 74, 2492 (195 

7R. C. Lord and R. E. Merrifield, J. Chem. Phy. 21, 166 (1953). 

8 Megaw, Acta Cryst. 5, 397 (1952). 

9W., T. Grubb and R. C. Osthoff (private communication). 





Proton Magnetic Resonance Experiment on a 
Single Crystal of Oxalic Acid Dihydrate, 
(COOH).-2H,0 


J. Irou, R. Kusaka, R. KirryAMA, AND S. YABUMOTO 


Department of Physics and Department of Chemistry, 
Osaka University, Osaka, Japan 


(Received July 20, 1953) 


HE crystal structure of oxalic acid dihydrate has already 
been determined rather precisely by many investigators! 
(space group, C2,°—P2:/a;Z=2). The atomic positions are 
shown in Fig. 1. No information about the positions of the hydro- 
gen atoms, however, have been given by x-ray analyses. 

Richards and Smith? made a proton magnetic resonance experi- 
ment on a polycrystal of this acid hydrate and proposed a proton 
configuration for the interpretation of the second moments of the 
absorption lines. But their suggestion involves, as they stated, 
ambiguities about the distance and the direction of the lines 
joining protons. 

We have carried out a proton magnetic resonance experiment 
with a single crystal at a frequency of 6.1 Mc/sec. When the 
crystal was rotated about the b axis, the line shape was observed 
at a particular angle, which was composed of seven components, 
not well resolved owing to the broadness of each component line. 
Since it is known that, in the case of b-axis rotation, proton mag- 
netic resonance lines for each of four molecules in the unit cell 
coincide with each other, this appearance of seven lines suggests 
the existence of a three-proton system in the crystal. We made 
further measurements at various other orientations of the crystal. 
Although, in general, lines expected from the three-proton inter- 
action are not resolved clearly, the most separated components 
were well resolved in some cases. Assuming suitable configurations 
of three protons, the resonance line positions and relative inten- 
sities are calculated for various orientations of the crystal, using 
the formula of Andrew and Bersohn.’ Satisfactory agreement 
with the experimental results is obtained, when it is assumed that 
the triangle composed of three protons has the sides of 1.65, 1.92, 
and 2.30A, and the angles between the a axis and the projections 
of the sides of 1.65 and 1.92A onto the ac place are ~51° and 
~28°, respectively. These two sides make angles of ~57.5° and 
~90° with the 5 axis. 

Now the position of the three-proton triangle in the lattice 
will be considered. Firstly, the proton-proton distance between 
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Fig. 1. Projections of one-half of the unit cell on the ac plane and also 
on the ab plane. Positions of C and O atoms are those determined by the 
x-ray analyses, while those of H atoms are determined by the present 
experiment. The cell dimension is a = 11.88, b =3.60, c =6.12A, and 8 =76.5°. 
The distances between the water oxygen and the surrounding atoms are; 
O —O: =2.85, O —O2 =2.90, O —O; =2.50, O —H:1 = 1.00, O —H2 =0.96, and 
O —H3=1.43. The distance between Os; and Hs is 1.41A. The sides of the 
proton triangle are: Hi —H2 =1.65, Hi—Hs =1.92, and He —Hs = 2.30A. 


the neighboring proton triangles, which are equivalent to each 
other, must not be less than 2.5A, as the width of each component 
line is less than about 4 gauss. Next, since one of the sides is 
1.65A which is approximately equal to the proton-proton distance 
in a water molecule in some hydrated crystals,‘ this proton pair 
seems to correspond to two protons in the water molecule. Then 
the distances between these protons and the oxygen atom of the 
water molecule will be both equal to about 1A. In view of these 
considerations, the position of the proton triangle in the lattice 
is determined as in Fig. 1. 

One of the two protons of the water molecule lies roughly on 
the line of a longer hydrogen bond predicted by x-ray analyses. 
But another proton and the third proton both deviate consider- 
ably from lines of the hydrogen bonds. It may be considered that 
the third proton, which belonged originally to the OH radical of 
oxalic acid, has been attracted to some extent towards the water 
molecule and influenced also by the surrounding oxygen atoms. 
From these considerations, it would hardly be said that this 
crystal consists of hydroxonium ions and oxalic ions. Our con- 
clusion agrees fairly well with a recent x-ray result® which pre- 
sumed the nonexistence of hydroxonium ions in accordance with 
the asymmetric C—O distances of carboxylic acid. 

Full accounts of the experiment will be published shortly in 
Journal of the Physical Society of Japan. 

1 For instance, W. H. Zachariasen, Z. Krist. 89, 442 (1934); Brill, Her- 


man Peters, Ann. Physik 42, 357 (1942); J. D. Dunitz and J. M. Robertson, 
J. Chem. Soc. 1947, 142. 

2R. E. Richards and J. A. S. Smith, Trans. Faraday Soc. 47, 1261 (1951). 

3 E. R. Andrew and R. Bersohn, J. Chem. Phys. 18, 159 (1950). 

4G. E. Pake, J. Chem. Phys. 16, 327 (1948). Itoh, Kiriyama, ef? al., J. 
Phys. Soc. Japan 8, 293 (1953). 

5 F, R. Ahmed and D. W. J. Cruickshank, Acta Cryst. 6, 385 (1953). 
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Assignment of the O—H Deformation Frequency 
JAMES R. QUINAN AND STEPHEN E. WIBERLEY 


Rensselaer Polytechnic Institute, Troy, New York 
(Received August 3, 1953) 


HE vibrational assignment of the O—H deformation fre. 
quency of alcohols in which the hydrogen atom moves 
perpendicular to the O—H bond and in the COH plane has not 
yet been definitely established. The disagreement in the literature 
has been pointed out by Sutherland,’ who suggested that more 
experimental work should be carried out on the alcohols and their 
corresponding OD compounds. 

The tabulated heavy alcohols have been prepared in this labora- 
tory by the decomposition of the corresponding dry magnesium 
alkoxides with D.O. The infrared spectra were obtained using a 
Perkin-Elmer Model 12B Recording Spectrometer with both 
sodium chloride and lithium fluoride prisms. Raman measure- 
ments were made with a medium spectrograph and a Raman 
source manufactured by Hilger. 

All of the work reported to date has been carried out with 
methyl and ethyl alcohols and their corresponding deuterated 
compounds. It is generally agreed that the OD deformation band 
in CH;OD vapor lies at 863 cm? and is shifted to 940 cm™45 
on association. The corresponding frequency in the undeuterated 
methyl alcohol vapor has not been found in the infrared, but 
Borden and Barker,® taking the value of 1110 cm™ assigned to the 
OH bending in Raman studies of Halford, Anderson, and Kissin, 
calculate a value of about 1030 cm™ in the vapor. Davies* also 
assigned a value of 1110cm™ to this mode in methanol. More 
recently Barrow’ assigned a value of 803 cm™ to the 6(OD) in 
C2H;OD vapor. By the product rule he calculated a value of 
1050 cm for the corresponding frequency of the undeuterated 
alcohol in the vapor state. 

As a result of observations made with deuterated methanol 
vapor Noether® suggested 1340 cm™ as the 6(OH) rather than 
the 6(CO) as ascribed by Borden. Davies‘ after considering the 
spectra of the methy] halides reported that 1340 cm™ is probably 
a vibration between the methyl and hydroxy] groups. Herzberg‘ 
has stated that the OH deformation may be identified with either 
the polarized Raman line at 1056 cm™ in the liquid or the infrared 
band at 1340 cm™ in the vapor, which probably corresponds to 
the polarized 1370 cm Raman line in CH;OH. While Herzberg 
favors a value of 1340 cm™, the work of Davies on the halides 
and the fact that the Raman line at 1370 cm™ is found in CH;0D 
as well as in CH;OH, but not in CH,DOD,,' indicates that 1370 
cm~ is probably a methy] deformation. 

As indicated by Table I, our work agrees with the alternate 


TABLE I. Hydroxyl deformation frequencies (cm~) 
for a series of alcohols. 








OH 





Methanol 

Ethanol 
n-Propanol 
n-Butanol 
n-Pentanol 
n-Hexanol 
n-Octanol 
n-Decanol 
2-Butanol 


1010 


1021 
1020 
1035 








suggestion of 1056 cm by Herzberg and the similar assignment 
by Barnes ef al.,2 Thompson,” and Hibben." In this series of 
alcohols the infrared and Raman spectrum of each deuterated 
alcohol is similar to the regular alcohol through the range 1300- 
1450 cm~. Similarly, a band at 1100-1120 cm™ which disappeats 
in the vapor state does not change in the liquid upon deuteration. 
The only significant difference is the disappearance of the band 
at about 1020 cm~ upon deuteration and the simultaneous 4? 
pearance of a band at 940 cm~. This 1020 cm™ band cannot be 
found in methyl, ethyl, propyl, or amyl] alcohols because of the 
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strong absorption in this region caused by the CO stretching fre- 
quency as well as by the aliphatic groups themselves. However, 
the corresponding 6(OD) appears at 940 cm™ in each case except 
propanol, where it is again obscured by another band. 

The OH deformation in the vapor has not been found, but the 
OD occurs at 860 cm™ in deuterated methanol and secondary 
butanol. The lower alcohols have absorption bands in the vapor 
which probably obscure the deformation bands. Butyl and amyl 
alcohols show a series of weak absorptions in this region which 
cannot be significantly evaluated even using a one-meter gas cell. 
Alcohols above amy] have such a low vapor pressure that adequate 
vapor spectra have not as yet been obtained. 

1G. B. B. M. Sutherland, Disc. Faraday Soc. 9, 274 (1950). 

?E, F. Barker and G. Bosschieter, J. Chem. Phys. 6, 563 (1938). 

3H. E. Noether, J. Chem. Phys. 10, 693 (1942). 

4M. Davies, J. Chem. Phys. 16, 267 (1948). 

6 Halford, Anderson, and Kissin, J. Chem. Phys. 5, 927 (1937). 

6A. Borden and E. F. Barker, J. Chem. Phys. 6, 553 (1938). 

7G. M. Barrow, J. Chem. Phys. 20, 1739 (1952). 

8G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules (D. 
Van Nostrand Company, Inc., New York, 1945), p. 334. 

9 Barnes, Gore, Stafford, and Williams, Anal. Chem. 20, 402 (1948). 

10H, W. Thompson, J. Chem. Soc. (London) 1948, 328 


uJ, H. Hibben, The Raman Effect and its Chemical ‘Application (Reinhold 
Publishing Corporation, New York, 1939), p. 148. 





A New Structure Type for Metallic Oxides 
of Formula A,BO,;* 


Joun S. Kasper, Research Laboratory, General Electric Company, 
Schenectady, New York 
AND 
C. L. Curist, U. S. Geological Survey, Washington 25, D. C. 
(Received August 10, 1953) 


E wish to report a new and simple structure type which 

each of us has found independently for metallic oxides 

of composition AgBOs. The two examples are MgeMnQOs (J.S.K.) 

and CugPbOs (C.L.C.). The former was synthesized from MgO 
and MnCOs, the latter occurs in nature as a mineral. 

The structure can be described as follows: The cubic unit cell 

contains 32 oxygen ions in an essentially close-packed arrange- 

ment; there is, then, an ordered distribution of 4 tetravalent ions, 


Vy Y 


UA, 
I \y yy 


Fic, 1. Structure of MgeMnOs. 
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24 divalent ions, and 4 vacancies among the 32 octahedral inter- 
stices. This distribution is given below and is illustrated in Fig. 1 
by means of sections perpendicular to the z axis. 


4 MgeMnO; per unit cell; a9=8.381A 
Space group Fm3M —O,5 
(000; 0 1/2 1/2; 1/2 0 1/2; 1/2 1/2 0)+ 
4 Mn at (a) 000 
24 Mg at (d) 0 1/4 1/4; 1/4 0 1/4; 1/4 1/40; 
0 1/4 3/4; 3/4 0 1/4; 1/4 3/40 
8O, at (c) 1/4 1/4 1/4; 3/4 3/4 3/4 
24 Oy; at (e) XOO; OXO; OOX 
X00; OXO; OOX 
4 vacancies at (b) 1/2 1/2 1/2. 

For MgsMnOs, X has been determined as 0.230-++0.003. 

In the case of CugPbOs for which ap =9.210A, the intensity data 
at hand do not permit a decision as to whether there is a statistical 
distribution of the 24 Cu on the 28 sites (b) and (d), or whether 
X differs significantly from 1/4. From Bertaut’s calculations! on 
the ordering of vacancies in ionic structures it would be expected 
that CugPbOs has exactly the same structure as MggMnOsg. This 
point is being further investigated. 

The structure can be regarded as an “ordered NaCl type,” and 
it would seem that more examples could be found, since the re- 
quirements for its formation appear to be simply: 


(a) a ratio of 6 to 1 of a divalent ion and a tetravalent ion. 
(b) a coordination number for oxygen of 6 for each ion. 


It is planned to attempt the synthesis of other compounds for 
which these requirements are satisfied. 

The detailed studies of the two compounds will be published 
separately. 


* Publication authorized by the Director, U. S. Geological Survey. 
1E. F. Bertaut, Acta Cryst. 6, 557 (1953). 





Homogeneous Gas Processes and Time Dependent 
Perturbation Theory 


HENRY AROESTE* 
Cornell University, Ithaca, New York 
(Received August 3, 1953) 


HE time dependent perturbation theory of Dirac has been 
applied to both intramolecular’ and intermolecular? gas 
processes. Since the same basic method is applied to both types 
of process one may then question to what extent a unified theory 
may result. 

Let us first consider the differences in the processes as they are 
measured in the laboratory. The measurements for intramolecular 
processes are not very precise. For instance, in the racemization 
of pinene, the following statement is made, “The reaction in all 
cases was slow enough and the time of reaction long enough to 
make negligible the time of heating and cooling.’ This heating and 
cooling, however, becomes more significant the less complex the 
molecule. Contrariwise, in an intermolecular process the reactants 
are heated in different vessels to a certain temperature, and the 
rate of reaction at that temperature is measured. We do not 
discuss how the molecules in the two vessels get to the tempera- 
ture, but assume they are both equilibrated before we bring them 
together. This is not quite so reasonable in the intramolecular 
case as it is not easy to keep the reactant at a high temperature 
without its reacting. 

The unity in the two theories lies only in that the same method 
is applied to two different dynamic problems. The intermolecular 
theory has more epistemic* or phenomenological value than the 
intramolecular case. To quote Born, contrary to classical theory, 
dynamical problems in quantum mechanics “cannot be defined 
without a subjective, more or less arbitrary decision about what 
you are interested in.”® This arises from the fact that H, the 
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Hamiltonian of the total system may be taken to b H=H)+ V, 
where V is the perturbation and Ho the unperturbed Hamiltonian. 
The choice of V and Hp is more or less arbitrary. The most con- 
venient natural choice of V for the intermolecular problem is the 
interaction between the molecules, and this is the choice usually 
made. The choice of V in the intramolecular problem is less easy 
to make, the parts of the molecule being much less well defined. 
The choice is therefore much more arbitrary, and further, as is 
admitted, the perturbation may well be too large for the validity 
of the Dirac theory. 

Thus, the unperturbed wave functions which are used for 
molecules in the intermolecular case have been experimentally 
verified and may easily be considered as representing the molecules 
as existing alone, and a simple “rule of correspondence’ between 
the mathematics and an imagined experiment exists. No such 
rule is evident in the intramolecular case. Another statement of 
this is that though in the intermolecular case time ‘=0 may be 
approximated in the laboratory by bringing two or more vessels 
together, time /=0 in the intramolecular case is purely a mathe- 
matical artifice as the perturbation in reality has lasted for all 
time. 

The author wishes to thank Dr. John K. Bragg of the General 
Electric Research Laboratory for helpful discussion. 

* Present address: Guggenheim Jet Propulsion Center, California Insti- 
tute of Technology, Pasadena, California. 

1N. Rosen, J. Chem. Phys. 1, 319 (1933). 

2C. Zener, Phys. Rev. 37, 556 (1931) and, more recently, S. Golden, J. 
Chem. Phys. 17, 620 (1949). 

3D. Smith, J. Am. Chem. Soc. 49, 43 (1927). 


4H. Margenau, The Nature of Physical Reality (McGraw-Hill Book 


Company, Inc., New York, 1950). 
5M. Born, Natural Philosophy of Cause and Chance (Oxford University 


Press, London, 1949). 





The Geometry of Ketene* 


WILLIAM F. ARENDALE AND WILLIAM H. FLETCHER 
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 
(Received August 13, 1953) 


HE geometry of ketene has been discussed several times 
within the last few years, but no one has given a definite 
set of values for all of the internuclear distances plus the H—C—H 
angle. Two investigations of the microwave spectrum of CH:CO, 
CDHCO, and CD-CO have yielded accurate values for the large 
moments of inertia,!* and a recent investigation by electron 
diffraction® produced results in reasonable agreement with the 
microwave data. We have been investigating the spectrum of 
CH:CO and CD.CO with a grating spectrometer* and have ob- 
tained Bo values for both molecules which are in excellent agree- 
ment with those reported by Johnson and Strandberg,? but we dis- 
agree seriously with the value of Ao obtained from their data. 
They give 0.9399A as the perpendicular distance from the hy- 
drogen atoms to the figure axis, which corresponds to a value 
of Ao just slightly less than 9.47 cm™ for the light molecule. From 
the analysis of some of the perpendicular bands we find Ao=9.41 
cm™ and it seems very unlikely that this figure is low by any 
significant amount. 

There are only three independent pieces of data available, one 
Ao and two By’s while there are four internal parameters to be 
determined. Another independent moment of inertia could be 
obtained from a microwave or infrared investigation of ketene 
containing a heavier isotope of carbon or oxygen, but since this 
new datum is not likely to be forthcoming, we have examined 
the data at hand and conclude that it is possible to fix the C—C 
and C—O distances within +0.015A at worst. This uncertainty 
has very little effect on the other parameters. 

We have used By values obtained from the microwave data and 
Ay=9.41 cm™ in the calculations. One of the carbons is so close 
to the center of mass that its contribution to the moment of inertia 
is negligible, but its position can be fixed by using the condition 


Dmx; =0. 
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TABLE I, Geometrical parameters of ketene. 








rco rcc Y rco+rcc 





123°50’ 
123°20’ 
122°50’ 


1,135A 
1.150 
1.165 


1.345A 
1.329 
1.313 


2.480A 
2.479 
2.478 








By combining the two equations for Jz one gets an equation in 
terms of rco and rcc which can be used to calculate a number of 
consistent sets of the internal parameters. Three sets which lie 
in a reasonable range are given in Table I. 

The variation of rco+rcc is small enough that rcu and y are 
essentially independent of the larger uncertainty in rco and reo. 
It is reasonable now to choose the most probable pair of values for 
these by considering carbon monoxide and carbon dioxide. The 
C—O distance in ketene would be expected to be longer than in 
carbon monoxide, but probably not longer than in carbon dioxide. 
These distances are 1.131A and 1.163A, respectively. The extreme 
values given above for rco would then fix the range of reasonable 
values as accurately as possible without the help of additional 
data. No help is gained by considering the C—C distance in 
ethylene (1.353A), but it is interesting to note that in any case 
this distance is less in ketene than in ethylene. 

The values for the structural parameters obtained from the 
moments of inertia may be summarized: rcu=1.071+0.003A, 
rco= 1.150+0.015A, roc = 1.329+0.015A, and y= 123.3°+1.5°. 


* This work was supported by a Frederick Gardner Cottrell grant from 
Research Corporation. 
( ra Kundsen, Madsen, and Rastrup-Anderson, Phys. Rev. 79, 190 
1950). 
2H. R. Johnson and M. W. P. Strandberg, J. Chem. Phys. 20, 687 (1952). 
( 3 3) Taylor Broun and R. L. Livingston, J. Am. Chem. Soc. 74, 6085 
1952). 
4 Loaned by the Department of Physics, University of Tennessee. 
5 The physical constants used were those given by J. W. M. DuMond and 
E. R. Cohen, Phys. Rev. 73, 51 (1948). 





Complex Dielectric Constants of Some Aliphatic 
Alcohols at 9733 mc/sec* 


NAOKAzuU KoizuMI 


Institute for Chemical Research, Kyoto University, 
Takatsuki, Osaka-Fu, Japan 


(Received July 24, 1953) 


HERE have been many reports on the dielectric properties 

of alcohols at ultra-high frequencies in connection with 

the problem of the dielectric dispersion and absorption.! However, 

the values of the complex dielectric constant for alcohols appear- 

ing in these papers are not always in good agreement. In per- 

forming some studies on dielectric properties of alcohols and 

glycols, it was necessary to obtain the dielectric constants at 
microwave frequencies. 

For this reason the complex dielectric constants for nine ali- 
phatic alcohols have been measured at a frequency of 9733 mc/sec 
over the range of temperature 5° to 50°C with the wave-guide 
apparatus similar to those reported by Surber,? Crouch,’ and 
Lacquer and Smyth.‘ In this method, the wavelength of radiation 
in the dielectric-filled wave guide da and the dielectric attenuation 
per wavelength aaa are obtained from the variation of magnitude 
of reflection coefficient at the face of liquid with the length of the 
liquid column. Hence, the real and imaginary parts of the di 
electric constant are calculated from the equations, 


€’ = (No/Ac)?+ (Ao/Aa)*L1 — (aada/2x)*] 
e”’ = (1/1) (Ao/Aa)’aada, 
where Xo is the wavelength in free space of the excitation fre- 
quency and A, the cut-off wavelength of the empty wave guide. 


The observed values of dielectric constants are given in Table I. 
The values for methanol were fairly consistent with Lane and 
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TABLE I. Complex dielectric constants e* =e’ —je’’ 
of some aliphatic alcohols at 9733 mc/sec. 
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s Solid, not measured. 
b Values at 26°. 


Saxton’s data® but larger than those obtained with the plane wave 
method in free space by Baz® and Yasumi e¢ al.” 

It is well known that the critical frequency of the dielectric 
relaxation for lower carbon-membered alcohols appears in the 
decimeter- and meter-wave regions at or near room temperature, 
and the dispersion form at the low-frequency side is nearly con- 
sistent with that for a single relaxation system.® Hence, assuming 
that the dispersion curve corresponding to the single relaxation 
system holds for these aliphatic alcohols, the apparent high-fre- 
quency limits of dielectric constants €;, app were extrapolated from 
the values in Table I and the static dielectric constants.? The 
values of €s, app are plotted against temperature in Fig. 1. 
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Fic. 1. Plot of the apparent high frequency « App of 
dielectric constant against temperature. 
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Girard and Abadie™ have reported that there exist two distinct 
regions of dielectric dispersion for n-octanol. Recently, more de- 
tailed evidence for such dielectric dispersion has been presented 
by Cole and Davison" who pointed out that, in the supercooled 
liquid of n-propanol there exist two dispersion regions at the high- 
frequency side in addition to the first dispersion, and evaluated 
the critical frequency and the high-frequency limit for each dis- 
persion region. Powles'? has also discussed such distribution of 
relaxation time from the standpoint of the internal field in 
dielectric. 

As shown in Fig. 1, it was found that the value of €:,app is 
much larger than the square of the optical refractive index n*. This 
kads to the existence of other dispersion regions at higher fre- 
quencies. Although the values of ¢;, app in Fig. 1 may be somewhat 
different from the correct ones for the high-frequency limit of the 

t dispersion as was discussed by Cole and Davison, and Powles, 

€ values of €4, App in the cases of methanol and ethanol may be 
nearly consistent with the high-frequency limit, because the 
Present frequency is near the critical frequency of the first dis- 
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persion. As seen from Fig. 1, €, app for these alcohols decreased 
with increasing temperature. From this temperature dependence 
of €;, pp, it may be deduced that most of the high-frequency dis- 
persion is due to the dipole relaxation. 

On the other hand, in the cases of butanols and pentanols, 
€h, App increased slightly with increasing temperature. This effect 
may be explained by the following speculation: The value of 
€h, App for these alcohols is smaller than the true high-frequency 
limit of the first dispersion, and the deviation of €;, app from the 
true value is more considerable with decreasing temperature, be- 
cause the critical frequency of dielectric dispersion for these 
butanols and pentanols exists in the meter-wave region at ordi- 
nary temperature, so that the dielectric constants at the present 
frequency correspond to the values ia an overlapping region of the 
first and the second dispersions, which shifts rapidly to lower 
frequencies with decreasing temperature, owing to the tempera- 
ture dependent character of orientation polarization. 

From the present results it was considered that there seems to 
be some evidence for the high-frequency dispersion due to dipole 
relaxation, though concerning the origin of the difference between 
€i, App and n?, it may be necessary to take account of the partial 
contribution of the atomic polarization in the liquid state.’ 

The detailed description will appear elsewhere. 

The author wishes to thank Professor R. Goto for his valuable 
advice in this work and also Mr. N. Hayama for his aid in puri- 
fication of materials. 

* Supported in part by the Scientific Research Encouragement Grant 
from the Ministry of Education. 
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Correlation of Proton Magnetic Resonance 
Chemical Shifts with Electronegativities 
of Substituents 


JAMES N. SHOOLERY 
Varian Associates, Palo Alto, California 
(Received July 29, 1953) 


FINE structure in the nuclear induction signals from some 

alcohols was reported recently by Arnold, Dharmatti, and 
Packard.! Since then, a number of other organic liquids have been 
investigated with similar apparatus and with the results reported 
briefly here. 

Fine structure in the proton magnetic resonance in organic 
liquids arises from the interaction of the molecular electrons with 
the applied magnetic field. Ramsey” has shown that when there 
is a near degeneracy of energy levels it is possible for both para- 
magnetic and diamagnetic terms to contribute to the shielding 
of a given nucleus. Differences in these terms at nonequivalent 
nuclei are proposed as an explanation for the observed chemical 
shift. One might reasonably expect that frequently the terms re- 
lated to a simple diamagnetic circulation of electrons about the 
nuclei under observation predominate. For protons, these electrons 
are valence electrons, for which the ground-state wave functions 
are frequently regarded as linear combinations of atomic wave 
functions forming covalent bonding functions with admixtures 
of ionic states. Changing the type of atomic orbitals available, 
such as the introduction of a multiple bond nearby, might be 
expected to affect principally the covalent part of the wave func- 
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TABLE I. Chemical shifts in substituted ethanes. 








Pauling 
electro- 
negativity 


2.14+4.5 
Compound (5CHe —5CHsg) 
C2He J : S 2.1 
C:HsSH : , a 
C2HsI 
CoHsBr 
C:HsNH2 
C2HsCl 
C:H;sOH 
C:HsOCOCHs 











® CHs in ethyl group. 


tion, while introducing an electronegative element would affect the 
ionic part. 

An interaction of the nuclear spins in molecules has been ob- 
served to lead to a further splitting of the chemically shifted 
signals. This interaction has the form J(ui-w2) and is usually of 
the order of a few cycles splitting. These effects have been studied 
and discussed in detail by other authors.*4 Figure 1 illustrates 
both the chemical shifts and spin-spin multiplets occurring in 
ethyl acetate under fractional milligauss resolution. 

A number of saturated hydrocarbons, C,Hen+2, both normal 
and branched, have been investigated at 30 Mc in the vicinity 
of 7059 gauss. Terminal hydrogen nuclei appear to be better 
shielded by the bonding electrons than protons in CH2 groups 
by about 2 milligauss. The chemical shifts 6 reported here have 
been measured with respect to the terminal hydrogen in normal 
hexane. Following other workers,® we define 6 by 


6=10°X (Hr—Hc)/Hr, 


where Hr=resonance field for the reference compound and H¢=re- 
sonance field for the comparison resonance. The 6 for CH2 groups 
in saturated hydrocarbons is approximately 0.03. 

In order to determine whether changing just the ionic part of 
the wave function at the protons can be correlated with the 
chemical shift, a series of substituted ethanes were examined and 
the results are reported in Table I. Values of 6 are given for the 
centers of the CH: and CH; spin-spin multiplets. From the table, 
the dcus values are much smaller than the dcrs, since electro- 
negativity effects must be transmitted to the CH; protons through 
the CH: group. One would expect the largest dcu; from the 
ethanes with the most electronegative substituents; however, 
ethyl bromide and iodide are exceptions to this trend, and, because 
of their large size, may be contributing some change in the covalent 
part of the CH bonds through distortion of the bond angles. 


Fic. 1. Fine structure in ethyl acetate. The three signals on the left and 
the four on the right represent the CHs and CHe groups of the ethyl 
radical. The high, sharp peak in the center is the CHs group in the acetate 
= Total sweep width is 50 milligauss, the field decreasing from left to 
right. 
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It is possible to obtain a rough correlation between the difference 
in the 6’s (splitting of the ethyl group) and the electronega. 
tivities, Z,, of the substituent elements responsible for the splitting 
through the empirical relation 


E,=2.1+4.5 (cu2—dcus), 


in which two parameters are adjusted to fit the data for ethane 
and ethy] chloride. 

Substitution of various groups for hydrogen in benzene mole- 
cules results in electron transfer to or withdrawal from the ring, 
with consequent directive effects. As an example of the effect 


TABLE II. Chemical shift of ring protons in benzene and its derivatives, 








Electron density 


Compound 5CeHs at ring protons 





0.62 0.015 
0.56 +0.015 
0.66 0.015 


CsHe 
CsHsN He 
CsHsCHO 


increased 
decreased 








of changes in the electron distribution from resonance of the ring 
with the substituent, chemical shifts for benzene and some of its 
derivatives are given in Table II. The increased electron density 
at the ring protons in aniline and the decrease in benzaldehyde 
are compatible with the inclusion of the following resonating 
structures 


H H O- 4H 
ao _F 
Nt C 


ae 


which are usually proposed for these molecules. The figures given 
represent the average shielding of the ring protons, but variations 
in shielding at the ortho-, meta-, and para-positions can be ob- 
served as partially resolved fine structure. 


1 Arnold, Dharmatti, and Packard, J. Chem. Phys. 19, 507 (1951). 

2N. F. Ramsey, Phys. Rev. 78, 699 (1950). 

3 E. L. Hahn and D. E. Maxwell, Phys. Rev. 88, 1070 (1952). 

4 Gutowsky, McCall, and Slichter, J. Chem. Phys. 21, 279 (1953). 

— McCall, McGarvey, and Meyer, J. Chem. Phys. 19, 1328 
(1951). 





Thermodynamic Functions of FCN 


N. W. LuFt 
Cheadle Hulme, Cheshire, England 
(Received July 27, 1953) 


N a recent edition of this Journal' Thomas calculated some 

molecular data for FCN, which he obtained by a sem 
empirical correlation of corresponding data for the series of 
compounds XCN with X=H, Cl, Br, I. He proposed the following 
values for the CN distance and the two stretching frequencies: 


ron=1.165A3 w1= 2294, w2= 1052 cm. 

The other missing data may be estimated by a similar procedure. 
The doubly degenerate bending frequency w; is obtained: by 
plotting 

ux = (ron/rex) (1/mx+1/mc)+2/mct (rex/ren) (1/mo+1/my) 
against the frequencies w; for the molecules XCN with X=D, Cl, 
Br, I. For a simple valence force field 4xw;* is proportional to the 


bending force constant which seems to vary smoothly in this series 
of molecules. An assumed rer=1.35+0.05 gives 


ur= (2.791+0.013) X10 and w3;=410cm™ 
for FCN. A more accurate value ror=1.30+0.03A was obtained 
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TABLE I. Estimated thermodynamic data of FCN. 








— (F° —H0°)/T So (H° —Ho°)/T 





45.69 5 8.28 
45.74 
48.21 
50.24 
51.99 
53.52 
54.89 
56.16 
57.68 








by plotting the reduced masses mxmcn/(mx-+meon) against the 
difference between rcx(XCN) and rcx (standard). Thus the 
principal moment of inertia is /=81.06X 10 g cm*. 

These approximate molecular data may now be used for cal- 
culating the themodynamic functions of ideal FCN gas at a 
pressure of 1 atmos. These are given in Table I. Although the 
accuracy of these data is probably not quite as good as it is usually 
expected to be for tri-atomic molecules, they might prove useful 
in the future investigations and in experimental redetermination. 


1W. J. O. Thomas, J. Chem. Phys. 20, 920 (1952). 





The Temperature Dependence of the Thermal 
Diffusion Ratio 


EUGENE M. HOLLERAN 
St. John’s University, Brooklyn, New York 
(Received August 5, 1953) 


HE thermal diffusion ratio of a binary gas mixture is meas- 

ured by determining the composition change that occurs 
when the gas is confined in two connected vessels kept at two 
different temperatures. Since the thermal diffusion ratio Rr 
varies with temperature, there arises the problem of assigning 
the correct average temperature to the measured value of Rr. 
According to the kinetic theory 


Rr(T) =(inz)" f'Rr ant, (1) 


from which the temperature 7 to be assigned to the measured 
value Rr(7"), determined between the experimental temperatures 
T, and T2, can be found if the temperature dependence of Rr is 
known. Brown has shown! that if R7 is a linear function of 1/7, 
the assigned temperature should be given by 


TiT2 T2 
T= T,-T, Ing 
Using assigned temperatures found from Eq. (2), Stier? noted 


that his experimental Rr values for argon and neon obeyed an 
empirical equation of the form 


(2) 


Rr=a In (3) 
where a and b are constants. Srivastava and Madan? have pointed 
out that Eq. (3) becomes inconsistent with the temperature de- 
pendence assumed in deriving Eq. (2). As these authors also note, 
an assumed temperature dependence for Rr can be correct only 
if it fits the experimental measurements after these have been 
assigned the average temperatures determined by this tempera- 
ture dependence through Eq. (1). Srivastava and Madan assume 
the temperature dependence for Rr predicted by the Lennard- 
Jones 12, 6 intermolecular potential and calculate from this the 
temperatures to be assigned to the experimental Rr values for 
the case of argon. (The experimental results for neon cannot be 
fitted by the 12, 6 model, which predicts a maximum Rr smaller 
than several of the observed values.) They then find that the 
assumed temperature dependence fits the argon data well enough 
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TABLE I. Comparison of observed values of Rr for argon and neon 
with those calculated from Eqs. (5) and (6). 








Neon 
Rr Rr Rr 
Eq. (5) (obs) Eq. (6) 


Argon 
T range Rr 
°K (T:T2)4 (obs) 





90-195 132 
90-296 163 
195-296 240 
195-490 309 
195-495 311 
273-623 412 
302-645 441 
460-638 542 
455-685 558 
621-819 713 
638-833 729 


0.067 
0.151 
0.248 
0.312 
0.389 


0.095 
0.150 
0.249 
0.315 
0.387 


0.382 
0.441 
0.550 
0.599 


0.387 
0.441 
0.542 
0.607 


0.699 
0.753 
0.824 


0.713 
0.750 
0.817 


0.466 


0.465 


0.534 0.534 








to justify the assigned temperatures, but poorly enough to require 
certain modifications in the 12, 6 potential. The present point of 
interest is that they also find that Eq. (3) still fits the experimental 
data over a large part of the temperature range. 

It therefore appears to be of interest to investigate directly 
the temperature dependence given by Eq. (3). Substitution of 
this into Eq. (1) yields the very simple expression for the assigned 
temperature: 

T =(T,T:)}. (4) 


Plots of Stier’s Rr values for argon and neon against log7:7>2 
show straight lines except for argon’s lowest value, for which the 
large experimental error of +10 percent is reported. Omitting this 
point, the values of the constants in Eq. (3) were found by the 
method of least squares. Table I shows that the resulting equa- 
tions 

Rr=0.2566 | z (5) 

iii, 
for argon, and 
- 

Rr=0.2591 In50 68 (6) 
for neon, fit the experimental data to within 2 percent over the 
entire temperature range for neon (132° to 713°K) and within 1 
percent above about 150°K for argon. Since the reported probable 
experimental error is +5 percent, the values of the constants in 
Eqs. (5) and (6) must be considered uncertain by several percent. 

It has thus been confirmed in the most direct and self-consistent 
manner that R7 is a linear function of InT over a wide range of 
temperature for argon and neon, the two cases for which fairly 
extensive measurements have been made. a 

If the deviation for argon at the lowest temperature is real, 
the continued adherence of neon to Eq. (6) to lower temperatures 
would be consistent with the law of corresponding states and the 
lower value of b for neon. 

The author wishes to express his gratitude to St. John’s Uni- 
versity for the extension of a Summer Research Grant. 

1H. Brown, Phys. Rev. 58, 661 (1940). 


2L. G. Stier, Phys. Rev. 62, 548 (1942). 
3 B. N. Srivastava and M. P. Madan, J. Chem. Phys. 21, 807 (1953). 





The v, Infrared Band in Gaseous Fluoroform* 
WALTER F. EpGELL AND CHARLES May 


Department of Chemistry, Purdue University, Lafayette, Indiana 
(Received August 7, 1953) 


RECENT study! of the infrared bands of fluoroform calls 

attention to the fundamental difficulties in the spectra of 
this molecule. The Raman spectrum? of the liquid at —95°C 
shows a strong line at 1117 cm™ due to the symmetrical CF; 
stretching vibration (v2) and a weak line at 1160 cm™ corre- 
sponding to the antisymmetrical stretching vibration (v5). In this 
same region the infrared spectrum!-*:5 of the gas consists of a very 
strong, single maximum band at 1152_cm™ and_a moderately in- 
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Fic. 1. The 8.7% band of gaseous CF3H at low temperatures. 


tense band at 1209 cm™ with PQR branches and a P—R separa- 
tion of about 32 cm™. The band at 1152 cm™ has been assigned 
to vs. Two interpretations have been advanced regarding v2. 
Either it has been assigned to the 1209-cm™ band!‘ or assumed 
to be too weak for observation or overlapped by v3.35 

It has occurred to us that lower temperatures might sharpen 
the 1152-cm™ band sufficiently to reveal any overlapping. A two- 
cm, low-temperature gas cell was filled to a pressure of 125-mm 
Hg at 30°C. As the temperature of the cell was lowered, the 
1152-cm™ band became sharper and a shoulder at 1130 cm™ 
began to appear at —50°C. Finally at a cell temperature of 
—170°C,® the 1152-cm™ band was so narrow that well-defined 
shoulders were visible at 1116, 1130, 1140, and 1160 cm™ (see 
Fig. 1). At lower temperatures the gas completely condensed. 

The only plausible explanation for the complexity of this band 
is the overlapping of v2 and »;. One interpretation,’ illustrated in 
Fig. 1 places the Q branch of v2 at 1140 cm™ with its P and R 
branches at 1130 and 1152 cm™. The vs band (with one or possibly 
two peaks) centers at about 1157 cm. The weak peak at 1116 
cm is believed due to v2 arising from a small amount of liquid 
on the windows. This is not unreasonable since most of the gas 
has condensed on the metal cell walls at this temperature. 
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Fic. 2. The 19.74 band of CFs3H. 











There remains the matter of the 1209-cm™ band and its ep. 
velope. Recent work in this laboratory and at Harvard? has re. 
emphasized the important role of Coriolis coupling in influencing 
the shape of band envelopes arising from degenerative modes, In 
the absence of coupling or other complicating features, an E£ 
band would consist of PQR branches’ with a P—R separation of 
about 24 cm™. The 1209-cm™ band is assigned to the combination 
508+699, an E band with a modified envelope. This would be 
consistent with a similarly modified envelope for the 508-cm— £ 
band. A question exists regarding the shape of this band. Figure 
2 shows it as obtained with a double-beam spectrometer using a 
KBr prism and a 10-cm™ cell with 70-mm pressure in agreement 
with the work of Plyler and Benedict.’ The same envelope was 
also found at greater resolution with a CsBr prism in a double-pass 
spectrometer. The P—R separation is 38 cm™ and corresponds to 
a value of roughly —0.8 for the Coriolis coupling constant ¢. 

This work, as well as the recent Raman data for the gas ob- 
tained by Claassen and Nielsen,’ shows that the v2 fundamental 
of gaseous CF;H lies near 1140 cm™ and removes the major 
difficulties relating to the fundamentals. 

Support of this research by the U. S. Atomic Energy Commis- 
sion is gratefully acknowledged. 

* Based on the Ph.D. thesis of C. May; June, 1953. 

1H. D. Rix, J. Chem. Phys. 21, 1077 (1953). 

2 George Glockler and Walter F, Edgell, J. Chem. Phys. 9, 224 (1941), 

3 Rank, Shull, and Pace, J. Chem. Phys. 18, 855 (1950). 

16, 30 Gea as quoted by H. Bernstein and G. Herzberg, J. Chem. Phys. 
. K. Plyler and W. S. Benedict, J. Research Natl. Bur. Standards 47, 
202 ‘(iosi). 

6 The temperature of the gas was somewhat greater than that of the cell. 

7An alternate solution places the PQR branches at 1116, 1130, and 
1140 cm—. 

8S. Polo, private communication. 


9S. L. Gerhardt and D. M. Dennison 43, 197 (1933). 
10H. Claassen and J. R. Nielsen, J. Opt. Soc. Am. 43, 352 (1953). 





Intramolecular Isotope Effects* in the Reactions 
of Benzoic-a-C’! Anhydride 
VERNON F. RAAEN AND Gus A. RoppP 


Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(Received July 20, 1953) 


OMPARISONS of experimentally measured values of in- 
tramolecular carbon isotope effects with theoretically calcu- 
lated values are of particular interest since the theory! appears to 
predict very definite and easily calculated ratios of rate con- 
stants. Out of the theory it developes also that the rate constant 
ratio for a given intramolecular isotope effect should have the 
same value at all temperatures in contrast to intermolecular isotope 
effects which vary decidedly with temperature. 

The present intramolecular isotope effect study, which concerns 
the reactions of the symmetrical compound, benzoic-a-C™ an- 
hydride (I), is one of a series? of studies of various aspects of iso- 
tope effects. The reactions involved are 
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TABLE I. 








Theoretical 


Specific activities 
value* 


Temperature 
o°c uc/m mole 


Reaction hio/kus 











II =3.99 III =3.54 1.127 C —O bond 


making: 
1,043 


A 30° 


78° II =4.03 
30° IV =3.92 
138° IV =3.86 


III =3.57 1,129 
V =3.65 1,073 C—N bond 
making: 
V =3.60 1.071 1.041 








s See reference 2. 


The ethanolysis reaction, A, was carried out in ethanol solution 
at two temperatures and each isotope effect value was calculated 
as the ratio of specific activities of III and II. The specific activity 
of III was measured after the ester was isolated and completely 
hydrolyzed to benzoic-a-C™ acid. The ethanolysis, A, was very 
slow, particularly at the lower temperature, 30°C, where thirty- 
three days was the time necessary to effect 93 percent reaction 
as measured by titration of the acid II. The reaction, B, was 
carried out in dry hydrocarbon solvents and went to completion 
rapidly. However, the intramolecular isotope effect ratios for 
A or B can be calculated at any stage during the reaction as the 
specific activity ratios IT/III and IV/V. 

It is believed that for reactions A and B, the symmetry- 
destroying steps (and hence the steps which decide the distribu- 
tion of isotopes between the two products of each reaction) are, 
respectively, A’ and B’, which involve attacks at the labeled 
carbon of the carbony] group: 


€ Soo Om” 
\ / 


(0+C:H,0°0 > =Y—c—OC.Hs 


 -00° 


Results are presented in Table I. From Table I it appears that 
there is no appreciable variation of these isotope effect ratios 
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with temperature in agreement with the theory. However, the lack 
of agreement between experimental and calculated isotope frac- 
tionation factors which is apparent in Table I has also been 
noted in other intramolecular isotope effect studies.’ The presently 
described isotope fractionation studies are being extended, aad 
when completed will be published with further discussion of the re- 
sults. Studies now going on include the effect of nuclear substitu- 
ents in the two rings of benzoic-a-C™ anhydride on the intramo- 
lecular isotope effects in reactions such as A and B. 


* This document is based upon work performed under Contract Number 
W-7405-eng. 26 for the U. S. Atomic Energy Commission at the Oak Ridge 
National Laboratory. 

1 J. Bigeleisen, J. Chem. Phys. 17, 425 (1949); J. Bigeleisen, Brookhaven 
National Laboratory Report 1068 (1952). The latter is an unclassified 
report which can be obtained from the U. S. Atomic Energy Commission 
Technical Information Division. 

2 Ropp, Weinberger, and Neville, J. Am. Chem. Soc. 73, 5573 re K 
G. A. Ropp and V. F. Raaen, J. Am. Chem. Soc. 74, 4992 (1952); 

Ropp and V. F. Raaen, J. Chem. Phys. 20, 1823 (1952). 

3 The extent of agreement between theory and experiment for carbon-14 
wna effects has been tabulated by G. A. Ropp, Nucleonics 

, 22-7 (1952). 





Substituted Methanes. XIX. C’* Isotopic Shifts 
in the Vibrational Spectrum of Methanol 


RICHARD B. BERNSTEIN,* Department of Chemistry 


JAMES E. LAMPORT AND ForREST F. CLEVELAND, Spectroscopy Laboratory,t 
Department of Physics, Illinois Institute of Technology, Chicago 16, Illinois 


(Received August 13, 1953) 


SING a sample containing 9.3 atom percent C™, it was 
possible to measure several isotopic frequency shifts in the 
Raman and infrared spectra of methanol. The material was pre- 
pared from C-enriched BaCO; (Eastman Kodak Company) by 
the lithium aluminum hydride reduction of enriched carbon 
dioxide.!* The product was fractionated in a small packed column 
and was vacuum-distilled before use. 

Raman spectrograms of the liquid were obtained with a 2-prism 
spectrograph’ having a dispersion of 33A/mm at 4500A, using 
Hg 4358A and 4047A exciting lines with appropriate filters. 
Infrared spectra of the vapor were obtained with a Perkin-Elmer 
Model 12C spectrometer (NaCl optics), using a 10-cm cell. A con- 
firmatory differential spectrum (enriched vs normal methanol) 
was obtained with a Baird Associates double-beam spectrophotom- 
eter. Comparison spectra of normal methanol were run under 
identical conditions in all cases. 

From six Raman spectrograms of the C'%-enriched sample, ob- 
tained under various conditions, it was possible to identify and 
measure two lines resulting from C%H;OH. A third line of low 
intensity, attributed to C“H;OH, also was measured. From the 
infrared spectrograms only one band due to C“H;OH could be 
observed with certainty; this was the Q branch of the band corre- 
sponding to the C-O stretching vibration, »,©°(a’), which was 
superimposed on the P branch of the corresponding band of 
C!?H;OH. A second band lying between the two strong C#H;OH 
bands near 2830 and 2970 cm™ was indicated, but it was not re- 
solved. The data are summarized in Table I. 

The C® shift observed for the C—O stretching frequency may 
be fairly well estimated by use of the simple pseudo-diatomic 
approximation. Assuming two _ pseudo-diatomic molecules, 


TABLE I. Infrared and Raman spectral data for C"%H;0OH and C#¥H;OH. 








Infrared wave numbers (cm™~) 
Vapor 
C¥H;0H C¥H;0H 


Raman displacements (cm) 
Liquid 
C#®H;OH C8H;0H Shift Shift ment* 
1036 1021 —15+1 1034 1018 —16+1 mona) 
2835 (2823) (—12+42)> eee ove ove »cH (a’) 
2943 2924 —19+2 eee eee eee Qoslt(A ’) 


Assign- 











® Designation from G. Herzberg, Infrared and Raman Spectra of Poly- 
atomic Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
first edition, Vol. 1, p. 335. 

> Values somewhat uncertain. 
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H;C“—OH and H;C"—OH, one may calculate the shift as 
—17 cm”. 

The authors appreciate the help of Miss E. L. Flaherty and Mr. 
P. C. Hutchinson of Baird Associates who obtained the confirma- 
tory differential infrared spectrum. This research was aided by 
the U. S. Atomic Energy Commission; the Office of Ordnance 
Research, U. S. Army; and the Society of the Sigma Xi. 

* Present address: Department of Chemistry, University of Michigan, 
Ann Arbor, Michigan. 

+ Publication No. 94. 

1 Nystrom, Yanko, and Brown, J. Am. Chem. Soc. 70, 441 (1948). 


2 Cox, Turner, and Warne, J. Chem. Soc. 1950, 3167. 
3F, F. Cleveland, J. Chem. Phys. 11, 1, 227 (1943). 





Kinetics of Fixation of Atmospheric Nitrogen 
at Elevated Temperatures* 


HENRY WISE AND Dwicut I. BAKER 


Jet Propulsion Laboratory, California Institute of Technology, 
‘asadena, California 


(Received August 10, 1953) 


ECENT measurements of the kinetics of reaction of nitric 
oxide’ permit a quantitative analysis of the problem of 
nitrogen fixation from air at elevated temperatures. Such calcula- 
tions are of special practical value since experiments carried out 
by Daniels and co-workers‘: have indicated the feasibility of in- 
dustrially producing nitric oxide from air in a furnace containing 
magnesia refractories. Such a procedure can supplement the pro- 
duction potential for the various oxides of nitrogen which at the 
present time is based to a large extent on the synthesis of nitric 
oxide by the oxidation of ammonia on a catalytic surface. 
Kinetically the problem of nitrogen fixation requires an analysis 
of (1) the residence time required to form a given concentration 
of nitric oxide from air at a specified temperature and (2) the 
rate of cooling of the product gases required to “freeze” the com- 
position of the gas mixture attained at the reactor temperature. 
From the rate expression for the net rate of formation of nitric 
oxide 
+dpno/dt=k_1(KpN2p0,— pno?), (1) 


where k_; refers to the specific reaction rate constant for the de- 
composition of NO (see reference 3) and K, the equilibrium con- 
stant for the system 
ky 
N2+0:2 = 2NO, 
ky 


the partial pressure of nitric oxide as a function of residence time 
and reactor temperature may be evaluatedf (Table I). 

In order to obtain a high yield of nitric oxide from the process 
of fixation of atmospheric nitrogen by suitable choice of gas-flow 
rate and reaction temperature, the rate of cooling of the product 
gases must also be adjusted in order to minimize any shift in 
composition from that attained in the reactor. For a system dis- 
placed from equilibrium the rate of formation of nitric oxide during 


TABLE I. Rate of attainment of equilibrium composition in air.* 
pT =1 atmos, pNo (atmos). 











t(sec) 2000°K 2400°K 2800°K 3000°K. 
100 ~8.5 X1073 ~2.1 X1072 ~3.9 X10 ~5.2 X1072 
10 2.9 X1073 ~2.1 X1072 ~3.9 X10 ~5.2 X10? 
1 3.0 X1074 2.0 X1072 3.8 X10-2 ~5.2 X1072 
1071 2.9 X1075 3.9 X1073 3.8 X1072 ~5.2 X1072 
10-2 2.9106 3.9 X1074 1.2 X10 3.9 X1072 
10-3 2.9 X1077 3.9 X1075 1.2 X10-3 5.0 X1073 
10-4 2.91078 3.9 X10-6 1.2 X10-4 5.0 X10-4 
10-5 2.91079 3.9 X1077 1.2 X10-5 5.0 X1075 
10-6 2.9 X10710 3.9 X1078 1.2 X10-6 5.0 X10-¢ 

bEquilibr. 

part. press. 8.5 X1073 2.1 X10 3.9 X10 5.2 X1072 








* Composition of air: 80 vol. percent N2; 20 vol. percent Ox. 
> National Bureau of Standards, Selected Values of Chemical Thermo- 
dynamic Properties, Series III, Vol. I. 
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the cooling process may be assumed to make a negligible con- 
tribution to the partial pressure of nitric oxide attained in the 
reactor. In the analysis which follows consideration is given only 
to the kinetics of decomposition of nitric oxide (excluding the re- 
verse reaction). The results obtained refer to the maximum amount 
of product decomposed at a given cooling rate. Experimental 
measurements of the kinetics of thermal decomposition of nitric 
oxide have shown that the reaction is catalyzed by oxygen,’ as 
given by the following rate expression: 


—dpnosat=k_-1pno*+hepno: por. (2) 


For large departures from chemical equilibrium, an approxi- 
mate relation may be used in the evaluation of the cooling rate 
required to keep the decomposition of nitric oxide below a given 
value. Thus, the concentration of oxygen remains essentially 
constant, since the equilibrium partial pressure of nitric oxide 
(Table I) represents only a small fraction of the pressure of 
oxygen in the mixture, and since the rate of reformation of nitric 
oxide from the elements is considered to be negligibly small. On 
substitution of average values over a given temperature interval 
for the various quantities, one obtains from Eq. (2) 


—T =[(kipwo+k:p0:!) ATY (Apwo/Pxo). (3) 


It is apparent that the ratio Apyo/pPno is equal to the fractional 
change in the number of moles of NO, a quantity that is inde- 
pendent of the equation of state of the gas and therefore a direct 
measure of the change produced by chemical reaction. The com- 
putations cover a temperature range from 2000°K to 3000°K 
(see Fig. 1). These results indicate that in the operating range of 
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Fic. 1. Decomposition of nitric oxide as a function of cooling rate 
(excess O2 represents 0.20 atmos). 
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9800°K the cooling rates required to freeze the composition of the 
gas mixture at 90 percent of the equilibrium value of NO are of 
the order of 105 to 10° °K per sec. It should be noted that the 
cooling requirements are increased by a factor of more than three 
in the presence of excess oxygen. It is evident, therefore, that an 
increase in the yield of NO necessitates high temperatures in the 
combustion zone and also high cooling rates. Thus, the equilibrium 
concentration of nitric oxide can be doubled by increasing the 
operating temperature from 2400 to 2809°K (Table I). However, 
it is important to note that little would be gained by this rise in 
reaction temperature unless it is accompanied by a corresponding 
increase in the cooling rate of the product gases. At low rates of 
cooling the final yield of NO becomes relatively independent of the 
composition of the gases attained in the reactor. 

The method employing the passage of the gas mixture through 
a pebble-bed of magnesium oxide has shown some promise. Rates 
of heat exchange of the order of 10* °K per second at a maximum 
gas temperature of 2400°K have been calculated for this type of 
heat exchanger.* 

Application of the principle of adiabatic, isentropic expansion 
through a De Laval Nozzle offers another obviously interesting 
possibility. In such an expansion process a rate of temperature 
change of the order of 10° °K per second has been calculated® in 
the temperature region of interest to the problem of atmospheric 
nitrogen fixation. 

* This paper presents the results of one phase of research carried out 
at the Jet Propulsion Laboratory, California Institute of Technology, under 
Contract No. DA-04-495-ORD 18, sponsored by the Department of the 
U. S. Army Ordnance Corps. 

1W. E. Koerner, thesis, University of Wisconsin, Madison, Wisconsin, 
1949, (unpublished). 

2H. Wise and M. Frech, J. Chem. Phys. 20, 22 (1952). 

3H. Wise and M. Frech, J. Chem. Phys. 20, 1724 (1952). 

4N. Gilbert and F. Daniels, Ind. Eng. Chem. 40, 1719 (1948). 

5W. G. Hendrickson, thesis, University of Wisconsin, Madison, Wis- 
consin, 1946 (unpublished). 

+ The influence of oxygen on the reaction kinetics (see reference 2) is 
neglected in these calculations for both the forward and reverse reactions. 
Also the approximation is made that the partial pressures of Nez and Os 
do not change appreciably during the process of synthesis of nitric oxide 
from air. [K. J. Laidler, Chemical Kinetics (McGraw-Hill Book Company, 


Inc., New York, 1950), p. 51]. 
6D. Altman and S. S. Penner, J. Chem. Phys. 17, 56 (1949). 





Paramagnetic Resonance Hyperfine Structure 
of the Free Radical (SO;).NO= 


B. SMALLER AND E. L. YASAITIS 
Chemistry Division, Argonne National Laboratory, Lemont, Illinois 
(Received May 11, 1953) 


HE paramagnetic properties of the free radical peroxylamine 
disulfonate have been discovered recently by Pake, Town- 
send, and Wiessman.! Their results both at 9000 Mc and 9.2 Mc 
were in agreement with the existence of a nuclear spin of one, 
attributed to the nitrogen nucleus, with an interaction energy of 
about 55 Mc causing a hyperfine splitting of the resonance. We 


TABLE I. Determination of Wo (Mc/sec). 











Transition line Zero field Weak field Strong field 

designation transitions transitions transitions 
™ 55.2 40.3 §5.6+0.2 
m2 54.8 +0.3 58.0+2.0 
™3 55.0+1.0 54.0 +0.4 
™ 55.5 +0.5 
™s 56.5+1.0 
™ 55.0+0.5 

™ +72 +76 54.8 +0.2 








considered it of interest to investigate more thoroughly this 
resonance in regard to signal shape and width and to determine 
the splitting constant more accurately. 

The salt was prepared as potassium peroxylamine disulfonate 
with dilute NaOH used as solvent to inhibit polymerization. 
Tetraphenyl arsonium peroxylamine disulfonate, soluble in 
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chloroform, was also prepared and found to have a similar para- 
magnetic behavior. 

The detection system was a modification of the one used for 
nuclear resonance studies,? designed for a dual field modulation.’ 
Signal detection was accomplished by a regenerative oscillator or 
amplifier. 

The spectrum was first investigated in the strong field region. 
With excitation at 300 Mc the resonances occur because of the 
™, ™2, and 73 transitions, the notations being those given by 
Nafe and Nelson.‘ A more accurate determination of the splitting 
constant, Wo, was achieved by investigation of the m1, 72, and 76 
transitions at very weak fields or zero field, for their resonant 
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frequencies become equal to W, at zero field. The value of Wo was 
thus determined by observing the coalescence of these resonances 
as the excitation frequency was varied through the Wo point. 
Similarly the 4, 75, and 76 transitions were studied especially 
near their asymptotic value of Wo/3 for strong fields where an 
accurate determination of W» can be made. The results for the 
various transitions are listed in Table I and, along with the best 
fitting theoretical curves, are plotted in Fig. 1. The mean value of 
W,=54.9+0.2 Mc/sec is in agreement with that recently deter- 
mined by Townsend ¢ al., in a re-investigation of this radical.§ 

The relationship between the line shape of a magnetic resonance 
signal and the distribution of the perturbing interactions has been 
considered by Pake and Purcell.* A useful criterion of the nature 
of the distribution is the shape of the dispersion-derivative signal 
as presented at the output of a phase sensitive lock-in detector, 
for the ratio of the field displacement between maximum negative 
signal response to that of the full width at half-maximum of the 
positive signal response is unique to the distribution. Thus, for a 
Gaussian distribution the ratio is 2.7 while for a Lorentzian, in- 
dicative of exchange narrowing,’ the ratio is 3.5. A survey of the 
electronic transitions gave agreement with a Gaussian distribution 
with line width and shape independent of magnetic field. 

The 74, 75, and z¢ resonances correspond, in strong fields, to 
nuclear spin transitions (i.e., Am,=0, Am;=-1) and thus should 
afford one an opportunity to measure a nuclear magnetic moment 
in a paramagnetic salt. In particular, the 7,4 transition is of doublet 
structure with a separation proportional to the nuclear magnetic 
moment. For an isolated spin system the detection of this transi- 
tion would be feasible despite its very weak intensity, yet because 
of the interactions present here one might expect that the relaxa- 
tion time of the various spin states resulting from the electronic 
spin transitions would result in a pronounced broadening of the 
nuclear spin resonances. This effect is shown in Fig. 2 where the 
experimental line width is plotted as a function of resonance field 
strength for the z,4 transition. For comparison, the theoretical 
curve represents the variation in line width to be expected if the 
energy level broadening was contributed almost solely by the 
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electronic spin transitions and was thus independent of field 
strength. With this prohibitively large line width, a direct meas- 
urement of the nuclear moment is obviously unfeasible. 

We are indebted to M. Brachman for the theoretical intensity 
calculations and wish to express our appreciation to J. Katz and 
W. Sykes for the preparation of the potassium salt and tetra- 
phenyl arsonium salt, respectively. 

1 Pake, Townsend, and Weissman, Phys. Rev. po og (1952). 

2G. Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931). 

3B. Smaller and E. Yasaitis, Rev. Sci. Instr. (to ~ peeten. 

4 J. E. Nafe and E. B. Nelson, Phys. Rev. 73, 718 (1948). 

5’ Townsend, Weissman, and Pake, Phys. Rev. 89, 606 (1953). Apparently 
this recent work had been undertaken simultaneously with our own. 


6G. E. Pake and E. M. Purcell, Phys. Rev. 74, 1184 (1948). 
7 P. W. Anderson and P. R. Weiss, Revs. Modern Phys. 25, 269 (1953). 





n—zx Emission Spectra* 


C. Rept 


Laboratory of Molecular Structure and Spectra, Department of Physics, 
The University of Chicago, Chicago 37, Illinois 


(Received August 3, 1953) 


OLECULES containing a hetero-atom (O, N, S, etc.) with 
an “unshared pair” of electrons adjacent to a conjugated 
system usually show light absorption to longer wavelengths than 
do the corresponding conjugated molecules with no hetero-atom. 
This absorption has been attributed to “n—7” transitions in 
which one of the unshared pair electrons is excited into the lowest 
unfilled level of the conjugated system.'~* Most such molecules 
also show phosphorescence, of lifetime ranging from ca 10-% 
second for aromatic ketones to several seconds for pyridine. Phos- 
phorescences of this kind have been attributed variously as due 
to singlet n—7 transitions, (formaldehyde*) triplet n—z transi- 
tions, (formaldehyde,’ pyridine,?* etc.) and triplet *—7 transi- 
tions, (pyridine®). It is not always possible unambiguously to de- 
cide between these possibilities. The following argument clears 
up some of the difficulties. 

Elementary MO considerations show that the singlet-triplet 
separation=2 /y,Hy,dr, where y, and y, are the one-electron 
n and x orbital wave functions, respectively. We can expect this 
integral to be very small for two reasons. First, the amount of 
spatial overlap between these two orbitals is small, particularly 
if the conjugated system is an extended one. Second, symmetry 
considerations suggest that the integral should be zero, any posi- 
tive part being balanced by an equal negative contribution. 

Triplet transitions are often observed in emission only, the corre- 
sponding absorption being too weak to observe. This emission is 
thus well to the red of the longest wavelength (allowed) absorp- 
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tion. However, the above argument suggests that in the case of 
n—mx transitions, T—S emission should be much closer to the 
corresponding singlet absorption. Using as a one an average 
S—T separation for s—7 transitions of 6-7000 cm™, and assum. 
ing that the splitting will decrease in n—7 transitions in about 
the same ratio that the intensities of these transitions bear to those 
of +—z transitions (about 0.02), we can expect that only a 
hundred cm™ or so will separate singlet absorption and triplet 
emission. 

This allows us to say at once that the observed long-lived phos- 
phorescence of pyridine at 27000 cm™ (nearest appreciable 
absorption ~36 000 cm™) is not n—7 as has been suggested, 
but r—7z. 

The correctness of this argument has been confirmed in this 
Laboratory by a comparison of the emission spectrum of pyridine 
in a rigid glass (EPA) with that of pyridine in concentrated 
sulfuric acid. For an n»—z transition the emission of pyridinium 
salts should be much weakened or absent, since the n electrons are 
no longer excitable at such low energy. In fact, the emission is not 
only present but enhanced by a factor of about 10 in intensity. 
Accordingly it is certainly r—7, as was suggested tentatively by 
Sponer and Rush.® 

Using the above picture, it is also possible to explain why the 
lifetimes of the emitting states of aldehydes and ketones are about 
100-1000 times longer (ca 10-* second) than is calculated from the 
extinction coefficient of what looks like the corresponding absorp- 
tion band (e200). It is also possible to explain the conflicting 
results of the detailed analysis of the wave absorption and emis- 
sion of formaldehyde.*> The explanation suggests that the emis- 
sion is not homogeneous, but comes partly from the n—z singlet 
and partly from the triplet state. Experiments to confirm or dis- 
prove the correctness of this explanation are underway. 

* This work was assisted by the Office of Ordnance Research under 
Project TB2-0001 (505) of Contract DA-11-022-ORD-1002 with The 
University of Chicago. 

t+ On leave of absence from The University of British Columbia, Van- 
couver, British Columbia, Canada. 

1H. L. McMurray and R. S. Mulliken, Proc. Nat. Acad. Sci. U. S. 26, 
312 (1940). 

2M. Kasha, Disc. Faraday Soc. 9, 14 (1950). 

*C. Reid, J. Chem. Phys. 18, 1673 (1950). 
Pes Fg Dyne, J. Chem. Phys. 20, 811 (1952), and references contained 


5A. D. Walsh, J. Chem. Phys. 20, 1502 (1952). 
6 J. H. Rush and H. Sponer, J. Chem. Phys. 20, 1847 (1952). 





Specific Heat of Diamond at Low Temperatures 
R. BERMAN AND J. POULTER 


Clarendon Laboratory, Oxford, England 
(Received July 20, 1953) 


Vg has recently published measurements of the spe- 
cific heat of diamond from room temperature down to 
liquid hydrogen temperatures.! The values are markedly lower 
than those found by Pitzer,? whose measurements extended down 
to 70°K, and the discrepancy is clearly shown by the comparison, 
given by DeSorbo, of the derived values of the Debye character- 
istic temperature 8. DeSorbo points out that this may be due to 
differences in (1) impurity content; (2) imperfections in the 
lattice; or (3) the relative amounts of type I and type II diamonds 
in the samples. 

We have constructed an apparatus in which we determine the 
difference in heat content of a specimen between two fixed tem- 
peratures and can measure the enthalpy difference between 4° 
and 90°K or 90°K and room temperature for diamond to an ac- 
curacy of 1 percent using 100-200 mg. With this apparatus we 
have made measurements on gem quality samples consisting en- 
tirely of type I and of type II stones (the classification being 
according to the ultraviolet transparency limit) and also on com- 
pletely opaque “bortz” diamonds. Although the purity of these 
samples has not yet been ascertained, it is instructive to compare 

our results with those of Pitzer and of DeSorbo, as given in 
Table I. 
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TABLE I. Enthalpy differences—cal/g-atom. 











4.2°-90.1°K 90.1°-291.2°K 
Pitzer (1.07) 116.0 
DeSorbo 0.81(+0.04)s 114.0 
This research: 
Type I 0.855 +0.01 113,5+1.0 
Type II 0.845 +0.01 112.0+1.0 
Bortz 1.085 +0.01 coe 








* This probable error has been estimated using DeSorbo’s assessment of 
the accuracy of his specific heat measurements at these temperatures. 


The value we have ascribed to Pitzer for the 4° to 90°K interval 
was calculated on the assumption that the Debye @ remains at 
about 1930°K, which is the value he finds at 70° and is also calcu- 
lated by Smith? as the value at 0°K. The enthalpy will not, in 
any case, be very sensitive to changes in the value of @ at tem- 
peratures below 70°K. 

It will be seen that we have detected no difference greater than 
1 percent between type I and type II diamonds, which rules this 
out as a source of difference between various sets of results. The 
marked discrepancy at low temperatures between our results on 
gem quality stones and Pitzer’s on reasonably clear bortz led us to 
investigate stones of still poorer quality. As our values for bortz 
are very little greater than Pitzer’s, it seems likely that his values 
of specific heat are genuinely too high in the lower temperature 
region. 

Our results for gem stones agree (within the limits of experi- 
mental uncertainties) with those of DeSorbo, and this suggests 
that the imperfections which are present in his stones have little 
effect on the specific heat. 

Details of our apparatus and of the experimental results will be 
published elsewhere. 

1W. DeSorbo, J. Chem. Phys. 21, 876 (1953). 


2K. S. Pitzer, J. Chem. Phys. 6, 68 (1938). 
3H. M. J. Smith, Trans. Roy. Soc. (London) 241, 105 (1948). 





Importance of ve, (849) Vibration of Benzene in 
Determining the Structure of Monosubstituted 
Benzenes 
SATYA NARAIN GARG 


Department of Spectroscopy, Banaras Hindu University, Banaras, India 
(Received July 24, 1953) 


ARLIER workers! have considered molecules like toluene, 

phenol, aniline, benzonitrile, benzotrifluoride, etc., as ap- 
proximately belonging to C2, symmetry* group, and it has been 
unquestioningly believed that the monohalogen derivatives of 
benzene belong rigorously to C2» symmetry.* Perhaps the out- 
standing discrepancy between the observed and calculated 
f values*® and between the observed and calculated shifts? of 
origin (compared to benzene) of the first uv absorption band 











TABLE I. 
Species from uv 
Molecule Frequency I p X100 analysis 
Toluenes 842 weak Dep. totally symmetric 
807 strong 12 totally symmetric 
Fluorobenzene> or 
B re (831 _ weak totally symmetric 
Beonitriles 842 (totally symmetric) 
enzaldehydee 827 medium 7 Analysis of absorption 


spectrum? independ- 
ently shows a sym- 
metry lower than Cov 
for this molecule. 











, Bass, J. Chem. Phys. 18, 1403 (1950). 
, Bass and Sponer, J. Opt. Soc. Am. 40, 389 (1950). 
Bar, Z. Physik 79, 455 (1932). 
IV Garg, J. Sci. Research, Banaras Hindu Univ. II, 153 (1951-52), Part I; 
(to be published), Parts II-IV. 
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system of fluorobenzene is due to this tacit belief. While toulene 
and benzotrifluoride unquestionably do not have C2, symmetryt 
(since the pheny] group has a C; axis while the attached part has 
a C; axis), the purpose of this note is to stress upon this fact 
further and to show that even fluorobenzene does not possess any 
symmetry. 

Interest centers round vibration frequencies{ of species eig 
(Raman active) and é2, (inactive) of benzene whose values in a2 
part for a substituted benzene having C2, symmetry (even approxi- 
mately) should remain unaltered.‘~* A frequency of substituted 
benzenes in the neighborhood of 849, generally 800-849, has been 
assigned to a2 part of v11¢:9 (849) of benzene. This is correct in so 
far as the visualization of the mode of oscillation in this frequency 
of substituted benzenes is concerned.* But when ultimate question 
of the rigorous structure of the substituted benzene is taken up, 
the Raman depolarization factor and/or the symmetry species 
of this frequency as concluded from uv absorption or fluorescence 
spectrum, more often than not, go against the assumption of 
Cx, symmetry. Reduction of the symmetry species to the corre- 
sponding ones of various lower symmetry groups is shown below. 








Don Cw C2 Cs No 
| | | sym- 
| | metry 
Symmetry plane Symmetry plane 
coincident with 1 the ring. 
| plane of ring. 
| 
Cig, €2u< b ; a a, a a 


Thus, if the frequency 800-849 of a substituted benzene seems 
to belong to totally symmetric species on account of low Raman 
depolarization factor and/or the analysis of uv spectrum, the 
molecule should possess§ either C2 symmetry or no symmetry. 
The former possibility C2: can arise only for such substituted 
benzenes in which the pheny] group is attached to a part having 
a C2 axis. In the case of the attached part having a C,, axis (i.e., 
an atom or a linear part), the possibility of C. symmetry auto- 
matically means C2, symmetry, and therefore, is not be be con- 
sidered. The observations on this frequency in a few compounds 
are given below. 

Thus, it is interesting in its implications to see that even fluoro- 
benzene does not have any symmetry, so that the F atom lies 
neither in the plane of the pheny! group nor in a plane perpen- 
dicular to it passing through the C2 axis of the phenyl group. 

The author wishes to thank Dr. R. K. Asundi for his keen 
interest in the problem and Dr. N. L. Singh for valuable discus- 
sions. 


1 See the extensive work of Sponer and collaborators. 

* Most of the discrepancies in the analysis of the ultraviolet spectrum of 
these compounds seem to be due to this supposition. 

2 Sklar, Revs. Modern Phys. 14, 232 (1942). 

3 Matsen, J. Am. Chem. Soc. 72, 5243 (1950). 

+ Structurally, there are four possibilities for them: (1) First alternative 
(see text) in the Cs group when one H (or F) atom of the —CH3; (or —CFs3) 
part is in the plane of the ring and one above the plane and one corre- 
spondingly below it; (2) Second alternative (see text) in the C. group when 
two H (or F) atoms of the —CHs (or —CFs3) are above the plane of the 
ring and the third one is below the plane; (3) Completely unsymmetrical 
molecule so that neither the plane of the phenyl group nor the plane per- 
pendicular to it passing through its Cz axis has an H (or F) atom of the 
—CHs (or —CFs3) group; and (4) There is a pronounced internal rotation 
of —CHs; (or —CFs3) against the phenyl group. 

t¢ Frequency numbering and other notations are those used by Herzberg, 
Infrared and Raman Spectra of Polyatomic Molecules. 

4 Pitzer and Scott, J. Am. Chem. Soc. 65, 803 (1943). 

5 Ingold et al., J. Chem. Soc. 1946, 222-333; 1948, 406-517. 

6 Garg, ‘Correlation of vibration frequencies of a molecule with those 
of its parts: calculation of some vibration frequencies of mono-substituted 
benzenes,”’ J. Sci. Research, Banaras Hindu Univ. IV (to be published). 
See a short account of the same elsewhere. 

§ The assignaments of not only those other frequencies of a mono-sub- 
stituted benzene which have been correlated (reference 6) with the rest of 
the corresponding frequencies of benzene in regard to numerical relation 
and approximate mode of oscillation on the basis of approximate symmetry 
Cov, but also of the remaining frequencies (due to the part attached to the 
pheny! group) can be shown to be satisfactory as regards species character- 
istics, #f the symmetry group to which the mono-substituted benzene really 
belongs is settled with the help of observations on this frequency. 
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Energetics of the Adsorption Process Responsible 
for the Joshi Effect 


Ss. R. MOHANTY 
Chemical Laboratories, Banaras Hindu University, India 
(Received August 10, 1953) 


HE Joshi effect,! viz., an instantaneous and reversible photo- 
variation (enhancement +Az and diminution — Az) of the 
rms current 7 under silent electric discharge, is negligibly small 
in a freshly prepared tube, and increases with the duration of ex- 
posure to discharge, at constant applied potential V (>Vm the 
minimum “threshold potential” for self-maintainance of the dis- 
charge), to a stationary maximum value after a certain “aging.””!? 
Joshi’s theory** of the phenomenon contemplates: (1) Formation 
on the electrodes of an adsorption-like layer of electrons, ions, 
and excited gas particles derived from the discharge space; 
(2) emission from this layer of electrons by the external light; and 
(3) current decrease — Ai, as space charge effect, due to formation 
of (slow-moving) negative ions from electrons capture by the 
excited particles. Conditions disfavoring (3) give rise to the 
positive effect + Ai. Since stages (2) and (3) are instantaneous and 
fully reversible, the development with time ¢ of +: is attributable 
to that of adsorption in (1) of Joshi’s theory. 
The author® has shown earlier that the —Ai-t data are repre- 
sented by the equation 


(- Aimax) = (— Ax) = C( — Atmax) vo" (- Ai) y™, 


LETTERS TO 





THE EDITOR 





where — Ato and — Ai; are the — Ai values at the commencement 
of the discharge (‘=0) and at time ¢, respectively, —Aimax that 
of the final maximum, and k a constant. The equation has a formal 
resemblance to that of the (chemical) reaction of the first order. 

Other conditions remaining the same, & increases with the 
temperature 7. Thus, e.g., in a certain typical set of observations 
with all-glass Siemens’ tubes (p0.=52mm, V=1.33 kv rms, 
50~), values for k at 22.0 and 27.0°C are, respectively, 0.0229 
and 0.0411 min“. The energy of activation, calculated from the 
Arrhenius equation, is 20.72 kcal/mole. The fact that this energy, 
while excluding that resulting from electrical activation, is stil] 
of the order of magnitude of activation energies in chemical 
reactions substantiates the observation? that the type of adsorp- 
tion responsible for + Az is chemical in nature. Indeed, the energy 
of activation of physical adsorption is an order of magnitude 
smaller.7)8 

The rate constant & also increases with V(>Vm). The thermal 
equivalent of the activation due to V is being investigated. 

1S. S. Joshi, Proc. Indian Sci. Congr., Presidential Address, Chemistry 
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4S. S. Joshi, Proc. Indian Sci. Congr., Part III, Physics Section, Abstract 
75 oS. joshi, Current Sci. (India) 15, 281 (1946). 

. S. Joshi, Current Sci. (India) 16, 19 (1947). 
7 E. Berl and E. Weingaertner, Z. physik. Chem. A173, 35 (1935). 


8S. Brunauer, The Adsorplion of Gases and Vapours (Oxford University 
Press, London, 1942), Vol. I, ‘‘Physical Adsorption.” 
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HE thermodynamic functions of the monatomic and dia- 
tomic species of potassium vapor over the temperature 
interval 100 to 3000°K have been calculated from spectroscopic 
data. Ideality of the vapors was assumed. The physical constants 
used were those given by DuMond and Cohen,! and the spectro- 
scopic data for the monatomic and diatomic species were taken 
from the compilations of Moore? and Herzberg.* 
The methods for the rigid rotator-harmonic oscillator molecular 
model including high-temperature anharmonicity corrections were 
employed. In Table I are presented the results for the Gibbs func- 


tion, Fo—£,°/T, the enthalpy function H°—E£,°/T, and the heat 
capacity. The entropy may be calculated from the first two. The 
dissociation equilibrium constant Kp, also given in Table I was 
calculated from the Gibbs function at each temperature. The 
dissociation energy Do°=AE,° was taken to be 0.514 ev=11 854 
cal/mole. In evaluating the vibrational contributions to the 
various functions, the tables of Johnston, Savedoff, and Belzer 
were used. 

* Contribution No. 244 from the Institute for Atomic Research and 
Department of Chemistry, Iowa State College, Ames, Iowa. Work was 
performed in the Ames Laboratory of the Atomic Energy Commission. 

1J. W. M. DuMond and E. R. Cohen, Phys. Rev. 82, 555 (1951). _ 

2C. E. Moore, Atomic Energy Levels, Vol. I, Circular 467 (National 
Bureau of Standards, U. S. Department of Commerce, 1949). 


3G.‘ Herzberg, Molecular Spectra and Molecular Structure I. ‘Spectra 
of _— Molecules” (D. Van Nostrand Company, Inc., New York, 
50 


4 Johnston, Savedoff, and Belzer, Contributions of the Thermodynamic 
Functions by a Planck-Einstein Oscillator in One Degree of Freedom (U.S. 
Office of Naval Research, 1949). 


TABLE I, Thermodynamic functions for monatomic and diatomic potassium vapor. 
Standard state is ideal gas at one atmosphere®* cal/mole deg K. 
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T°K T 1 r 2 Kp T 1 T 2 Cp,° Cp,° 
100 27.900 41.992 7.73 X102 4.9680 7.9295 4.9680 8.7207 
298.16 33.327 51.059 1.906 X105 4.9680 8.6048 4.9680 9.0565 
335.5 33.913 52.077 1.905 K104 4.9680 8.6565 4.9680 9.0817 
500 35.895 55.563 43.10 4.9680 8.8123 4.9680 9.1769 
760 37.975 59.283 0.5831 4.9680 8.9604 4.9680 9.3117 

1000 39.339 61.757 0.07809 4.9680 9.0592 4.9680 9.4320 
1200 40.244 63.415 0.02676 4.9680 9.1296 4.9680 9.5314 
1400 41.010 64.827 0.01239 4.9680 9.1942 4.9680 9.6305 

1600 41.674 66.059 0.006931 4.9680 9.2548 4.9680 9.7294 

1800 42.259 67.152 0.004406 4.9680 9.3131 4.9680 9.8282 

2000 42.783 68.136 0.003062 4.9680 9.3695 4.9680 9.9268 

2200 43.257 69.032 0.002275 4.9680 9.4247 4.9680 10.0255 

2400 43.691 69.854 0.001773 4.9680 9.4788 4.9680 10.1241 

2600 44.090 70.615 0.001437 4.9680 9.5323 4.9680 10.2227 

2800 44.461 71.324 0.001201 4.9680 9.5851 4.9680 10.3213 

71.987 0.001024 9.6375 4.9680 10.4020 














® Subscript 1 refers to monatomic vapor; subscript 2 to diatomic vapor. 
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